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Abstract 
Many questions exist regarding the structural integrity of wind turbine blades, and this 
thesis aimed to answer some of these as a means to increase future reliability. One of 
the key problems with the blade structural response under high static loads was the 
occurrence of a geometrically non-linear bending phenomenon known as the Brazier 
effect. This research aimed to better understand the consequences of this effect on the 
lightweight material used, and this was achieved by performing laboratory scale 
specimen tests on representative material.  
A key outcome was that the box girder suction side web was identified as a critical 
component and most likely to fail via an interfacial disbond. A related finding was that 
the presence of an interlaminar delamination in the sandwich web material would 
significantly reduce the load bearing capacity of that section of web. The percentage 
reduction in load bearing ability appeared to be a function of skin to core thickness ratio 
and delamination size. Another key outcome was the identification that either the 
growth of matrix cracks or the presence of pre-existing delaminations were paramount 
in the development of interlaminar cracks in the laminate caps.  
This research has demonstrated that, should future blade flexibility be increased, 
reinforcing layers in the cap should be introduced. The suggested design of this 
reinforcement was a modification to the current layup that introduced transverse layers 
along the inner side of the cap. This was proven to increase the flexural rigidity by 
107%. Additionally, for future blade certification and monitoring, web delaminations 
should be identified, potentially by use of digital image correlation or acoustic 
emissions monitoring, both of which were demonstrated as being capable techniques.  
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Nomenclature 
List of Symbols 
English 
 a Slope parameter 
 A Swept area 
 Ac Cross-sectional area 
 b Specimen width 
 c Load drop constant 
 d Displacement 
 D Equivalent flexural rigidity (unless otherwise stated) 
 dc  
 
 
 
 
 
 
 
 
Distance between camera planes 
 di Fractional damage 
 dskin Distance between centres of skin for sandwich material 
 E11 Young’s modulus in orthogonal 11 direction 
 E22 Young’s modulus in orthogonal 22 direction 
 Ef Young’s modulus of fibres 
 Em Young’s modulus of matrix 
 F Reaction force 
 fc Focal length 
 fw Weibull probability function 
 G Shear modulus 
 I Second moment of area 
 If Second moment of area of sandwich skins 
 IT,x Turbulence intensity for mean wind velocity of x m/s 
 L Span 
 Lc Centrifugal load 
 Ldrop Percentage drop in load bearing ability 
 m  Mass flow rate 
 M Bending moment 
 Mg Centrifugal bending moment 
 n Number of cycles performed 
 Nf Number of cycles to failure 
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 p∞ Ambient pressure 
 PCR  
 
 
 
Euler’s critical buckling load 
 px Pressure at point x 
 Q Shear force 
 ry Radius to centre of gravity 
 S First moment of area 
 tc Core thickness 
 U10 10 minute average wind speed 
 Ux Velocity at point x 
 v Deflection  
 vf Volume fraction of fibres 
 vm Volume fraction of matrix 
 w Deflection 
 W Weight 
 Wa Applied Load 
 x  Average 
 xL Distance to point pixel on left camera 
 xR Distance to point pixel on right camera 
 Zo Out-of-plane distance 
 
Greek 
 α Weibull slope 
 β Skin-to-core thickness ratio 
 γ  Shear strain 
 ε Epsilon 
 η Characteristic life 
 µ delamination size scaling factor 
 ρ Density  
 σ i  Cyclic stress 
 σu Standard deviation of mean wind velocity 
 σu,c Characteristic value of σu
 τ  Shear stress 
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Abbreviations/Acronyms 
 1D One dimension 
 2D Two dimensions 
 3D Three dimensions 
 A/D Analogue to digital 
 AE Acoustic Emissions 
 ARAMIS A DIC system supplied by GOM 
 BEM Blade element momentum 
 bit Binary digit 
 CCD Charge couple device 
 CFBG Chirped fibre Bragg grating 
 CFRP Carbon fibre reinforced polymer 
 DAQ Data acquisition unit 
 DIC Digital image correlation 
 DSLR Digital single lens reflex (camera) 
 DTU Technical University of Denmark 
 Edgewise In the direction parallel to blade motion 
 EPSRC Engineering and Physical Sciences Research Council 
 Flap-wise In the direction perpendicular to blade motion 
 fps Frames per second 
 FRP Fibre reinforced polymer 
 GFRP Glass fibre reinforced polymer 
 GOM A company that supply DIC systems 
 GUI Graphic user interface 
 HAWT Horizontal axis wind turbine 
 Hz Hertz 
 LE Leading edge 
 MEMS Micro electro-mechanical systems 
 MW Mega-watt 
 NCF Non-crimp fabric 
 NDE Non-destructive evaluation 
 NI National Instruments 
 PE Polyethylene 
 PIMI Poly-methacryl-imide 
 Pre-preg Pre-impregnated 
 PS Polystyrene 
 PTFE Polytetrafluoroethylene 
 PUR Polyurethane 
 PVC Polyvinylchloride 
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 PZT Piezo-electric transducer 
 RAL Rutherford Appleton Laboratory 
 RIFT Resin Infusion under flexible tooling 
 SCADA Supervisory control and data acquisition 
 stDev Standard deviation 
 TE Trailing edge 
 TIFF Tagged information file format 
 UD Uni-directional 
 USB Universal serial bus 
 VAWT Vertical axis wind turbine 
 VARTM Vacuum assisted resin transfer moulding 
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1 Introduction 
1.1 Background 
For many years, there has been a growing concern with the burning of fossil fuels used 
for electricity generation, because the by-products such as carbon dioxide seem to add 
to the global warming effect. Such is the problem that there is a global consensus that 
alternative means of electricity production should be sought. The UK government has 
set targets for the reduction of greenhouse gases based on the pollutants emissions of 
1990. The aim is to reduce emissions down to 60 % by 2050, which exceeds the Kyoto 
protocol commitments, [1].   
Various work has been undertaken in the UK leading to a reduction of 14.5 % in 
greenhouse gas levels between 1990 and 2005, [2]. Some of the reasons for this 
saving include increased energy efficiency, cleaner combustion techniques, but of 
specific relevance is the increased amount of power production via renewable sources, 
as shown in Figure 1.1. Wind energy has been on the forefront of this growth [3] as it is 
already well established in comparison to other technologies. The worldwide installed 
capacity of wind power in 2005 was an impressive 1 % of the global capacity. This 
figure is likely to triple by the end of 2012 [3], which means a substantial increase in the 
number of wind turbines produced. 
 
 
Figure 1.1: Growth in electricity generation from renewable sources since 1990, [2]. 
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In response to the growth in predicted demand, it is necessary for manufacturers to 
research design to increase product and manufacturing efficiencies, as well as to 
minimise costs. One of the key sub-components developed is the blade which needs to 
efficiently capture the wind energy and be able to survive severe weather conditions. 
As part of this development, the size of the blade has been increasing over the years 
as shown in Figure 1.2. Two advantages of using larger rotors include an increase in 
wind capture efficiency and a reduction in the installation and maintenance costs per 
MW. However, as the rotors become larger, the inertial forces they impose on the drive 
train increase, and thus there is a need to limit the weight of material used. 
Furthermore, addressing the weight of the blade would result in huge cost savings, with 
some research suggesting up to 50 % savings [4].  
To help reduce the weight, fibre reinforced polymers are the material of choice for 
modern blades. There is some research trying to incorporate carbon fibre into the blade 
material, although currently the majority of larger blades use glass fibre 
epoxy/polyester composite material [5]. In addition to this, there are parts of the blade 
that use lightweight core material such as PVC foam or balsa wood [6]. Unlike metals, 
these materials are anisotropic (material properties have directional dependencies), 
and one of the findings of the research carried out by Risø-DTU is that the blade is 
subject to certain weaknesses and failure modes as a result of this anisotropy. 
Moreover, for future blade design, certain materials savings may increase the blade 
flexibility, which will then increase the likelihood of these identified failure mechanisms 
occurring [4]. Yet only a general understanding of the root causes of these failure 
mechanisms exists, and this research addresses this issue. 
 
 
Figure 1.2: Growth in size of commercial wind turbine design [7]. 
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1.2 Aims and Objectives 
A blade design is based largely on the fatigue and high static loads that it may endure 
during its lifetime, as described in the IEC-61400-1 standard [8]. These static loads 
represent strong gust events, and it is typical that a blade will fail prematurely during 
one of these events. Research at Risø-DTU has shown that this type of load will lead to 
non-linear geometrical effects, which have been categorised. Based on this, an aim of 
this research is: 
− Understand the linear and non-linear behaviour of blade material when loaded 
under this type of flexure, by conducting representative experiments on 
laboratory scale specimens. 
A key requirement for the owners of wind turbines (e.g. E.ON) is to have a system that 
can monitor the turbine blade and indicate problems, helping to retain the required 
functional integrity. Hence, two important aims for this research are: 
− To determine what types of defects are critical in reducing the load bearing 
capacity of the blade under high loads.  
− To suggest means in which such defects can be detected and monitored.  
Coupled with the results regarding the material behaviour, an understanding of the 
capability of the structural health monitoring system and the implications of the 
detected defects can be achieved. This will allow the user to critically assess the value 
of a proposed structural health monitoring system. 
 
1.3 Context of Research 
The research is supported by E.ON Engineering, whose need is to monitor their 
installed wind turbine for the onset of failure processes. This will potentially allow 
design and implementation of preventative measures, possibly using in-situ monitoring 
systems. Additionally, the research has been conducted in association with Risø-DTU, 
where much of the knowledge gained from full blade tests has been disseminated to 
the researcher. This has placed the researcher in the advantageous position of having 
insight into the mechanics of the blade whilst being able to understand the needs of the 
end-user. Thus the research explored both the material concerns and the monitoring 
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issues of failure of wind turbine blades.  
1.4 Structure of Thesis 
Following this introduction, a literature review is presented, which is split into two 
components. This first covers the loading subjected to wind turbine blades and the 
typical materials/orientations used, followed by the common types of failure and 
damage incurred in the material. The second part addresses the means by which one 
may assess the material damage and failure, including appropriate non-destructive 
testing techniques.  
After this, chapter 3 outlines the testing methods that have been employed, and why, 
as well as a description of the specimen geometries.  Following this, there are the three 
chapters covering the testing results. These have been organised such that chapter 4 
presents the results from testing of larger wind turbine blade substructure, and 
chapters 5 and 6 present the results related to the isolated substructure, discussing the 
sandwich shear webs and load-bearing caps respectively.  
After this, chapter 7 discusses the obtained results, including the implications of the 
sub-component testing on real wind turbine blade loading situations, concerns with the 
tests conducted, and the relevance of the NDE techniques utilized. The thesis is 
summarised by a conclusion that outlines the findings and implications of the research, 
which then presents the suggestions for future work. The work presented in the thesis 
has helped to produce a number of conference and journal papers, which are listed in 
Appendix A. The remaining appendices are referred to in the body of the remaining 
text.  
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2 Literature Review 
This chapter initially outlines the structure of a wind turbine and the loads and 
conditions the blades are subjected to. Next the typical damage and failures in the 
lightweight materials are discussed, looking at both the causes and consequences, and 
focussing on those relevant to a wind turbine blade. After this, the research of other 
groups into blade failure is examined, followed by a summary of turbine reliability 
studies. The section after this is a discussion of the types of NDE techniques that can 
be employed to analyse the damage and failure in this material is assessed, with a 
view to potential candidates for an in-situ monitoring system.  
 
2.1 Wind Turbine Blades 
The research performed required an understanding of the typical conditions 
experienced by wind turbine blades, thus allowing superior design of experimental 
procedures to better understand the local material nonlinearities. This section covers 
briefly the loading on a wind turbine blade, the structural make up of a typical blade, 
current maintenance procedures and issues, a reliability study and typical failure 
modes of wind turbine blades identified from full blade tests. 
 
2.1.1 Background 
The long history of wind turbines has resulted in a variety of designs, including 
horizontal axis wind turbines (HAWT), where the blades rotate around an axis parallel 
to the ground, and vertical axis wind turbines (VAWT), where the axis of rotation is 
perpendicular to the ground. Both of these types employ long slender blades, and this 
and other similarities allows for technology exchange between the two types [9]. Other 
types include drag based turbines and solar ovens, but as these are far less 
conventional they will not be discussed further in this thesis. The HAWT type of turbine 
is the most common in production today, so the operation and design aspects of this 
will be discussed further. 
 
 26 
2.1.2 Operation 
2.1.2.1 Components of a Horizontal Axis Wind Turbine (HAWT) 
Control
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Main Frame and 
Yaw System 
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Figure 2.1: Schematic of HAWT components. 
Figure 2.1 shows the most important components of a HAWT, excluding the 
foundations. The rotor consists of the blades and the hub (the connection between 
blades and drive train). Modern designs have three blade upwind rotors, i.e. the wind 
pushes onto the rotor before reaching the tower [9]. There are many variables to be 
considered when designing a rotor and this will be covered in section 2.1.3. The 
remaining components are of lower interest, but a descriptions can be found in [9]. 
2.1.2.2 Wind Characteristics 
The occurrence of wind is caused by convection currents created by differential 
temperature and pressure levels across the Earth’s surface. Regions near the equator 
are hotter than the poles, and this difference in temperatures causes the air to flow. In 
addition the flow is non-uniform, where certain locations experience different levels of 
wind than others, and there are seasonal trends in wind levels [9]. This section details 
some of the important aspects of wind that need to be considered for discussing the 
loading upon a blade. 
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2.1.2.2.1 Fluid Mechanics Model 
Generally speaking a wind engineer is interested in wind speeds and the energy that 
can be harvested from this by a wind turbine. It is important to understand the 
mechanics of wind, and this can be achieved by looking at fluid mechanics models. A 
simple model to help visualise flow across a blade has been produced by Betz [10, 11], 
and a simple version is given Figure 2.2. 
Actuator disk representing 
wind turbine blade Boundary 
p∞ p2 p3 p∞ 
U1 U2 U3 U4 
 
1 2 3 4 
Figure 2.2: Stream tube model of wind flow onto a wind turbine. 
For this model it is necessary to consider a flow of air inside a stream tube, with no 
frictional drag or compressibility. In order to represent the flow simply, the blade is 
shown as an actuator disk, but can be visualised as a rotor with an infinite amount of 
blades. In order to function, the blade must be held rigidly, and in this ideal case the 
uniform thrust provided by the air flow is balanced by a reaction force on the tower. 
Applying the conservation of linear momentum to the overall control volume gives this 
reaction force, F.   
 ( ) ( )1 41 4F U AU U AUρ ρ= −  (2.1) 
 
Where ρ is the density of air, A is the swept area of the disk, and Ux is the respective 
axial air velocity at location x. The term in the bracket can be simplified to mass flow 
rate ( ). A similar relation for the control volume between the inlet and outlet of the 
disk is given in equation 
m
(2.2). 
 ( )2 3 2 3(F m U U p p A− = − − − )  (2.2) 
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Where px is the pressure value the corresponding point (there is a pressure rise just 
before the disk and a fall just after, as compared to the ambient, p∞). When considering 
an infinitesimally thin disk the wind velocities can be considered equal, i.e. U2 = U3 = 
U, and thus combining (2.1) and (2.2) results in the following equation.  
) 2 3 1 4( ) (F p p A m U U= − = −  (2.3) 
Using the Bernoulli relation can give the pressures, assuming ideal flow. This is shown 
below in equations (2.4) and (2.5). 
From 1 to 2: 
2 2
1
22
U Up pρ ρ∞ + = + 2  (2.4) 
From 3 to 4: 
2 2
4
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U Up pρ ρ∞ + = + 2  (2.5) 
Rearranging and substituting into (2.3) gives (2.6). 
 
( )2 21 4
2 3 1 4(2
U U
)p p U
ρ ρ−− = = −U U  (2.6) 
This then gives: 
 1 1 42 (U U U )= +  (2.7) 
Therefore, equation (2.7) shows that the wind speed through the rotor is the average of 
the wind and wake.  
Thus, finally the power can be extracted as given in (2.8): 
 2 2 211 4 1 4 1 44( ) ( )(Power FU AU U U A U U U Uρ ρ= = − = − + )  (2.8) 
Although this is a simplified model, it can be seen that the power extracted from the 
wind is proportional to the spun area and the velocity of the wind. The density of air 
undergoes some slight variation, but generally has little effect upon the overall figure. 
From this simple relation, it can be seen that there is a benefit of locating wind farms at 
sites with high average wind speeds. However, recently the trend has been to increase 
the rotor swept area by increasing the size of the blade diameter. There have been 
many visible changes to the design of turbine blades as the blades grow in size, with 
the next generation to be introduced being 5MW design with 126m diameter, as 
opposed to the 2MW current design with 72m diameter [10, 12].  
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2.1.2.2.2 Wind Conditions 
As wind is a random property the method for analysing it is to use an average value, 
and the typical method of averaging is to use a time period of 10-minutes [5]. This is 
because over a 10-minute period the average wind is assumed to have a constant 
average, U10. There is an anticipated inter-ten-minute period variance, however, which 
can be encapsulated by the statistical model of a Weibull distribution, as shown in 
Figure 2.3a. This particular distribution shows how the probability of an occurrence of a 
particular wind speed drops off around the average of 6 m/s. The distribution shape will 
depend on site and height locations of the particular wind turbine, due to terrain effects 
and the boundary layer development. When considering these factors it is important to 
note smoother ground is preferred over rough ground, which makes locating wind 
farms offshore preferential. 
0
0.02
0.04
0.06
0.08
0.1
0 10 20 30 4
0.12
Wind Speed / m/s
P
ro
ba
bi
lit
y 
(%
)
0
 
Average 
speed Time 
Wind Speed 1
( ) expw
U Uf U
α αα
η η η
− ⎧ ⎫⎛ ⎞⎛ ⎞ ⎛ ⎞⎪ ⎪= −⎨ ⎬⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠⎝ ⎠ ⎝ ⎠⎪ ⎪⎩ ⎭
α=2 
η=9 
Figure 2.3 a) Example of Weibull Distribution for wind speed; b) Example of turbulence. 
a b 
In addition to terrain, there are other important factors that will skew the Weibull 
distribution. Perhaps the most important factor is the interference effect with 
neighbouring structures or land features. For example in a wind turbine farm, the wake 
caused behind a turbine will alter wind distribution, which will most probably lead to 
reduced performance for the central turbines, when there is a grid layout [5, 9]. An 
additional component of wind shearing occurs when there is substantial vertical wind 
motion, which occurs with convection due to heating. This causes mixing in wind and 
thus obscures the oncoming wind profile [5].  
Another important wind characteristic is the element of randomness in the wind 
loading, a phenomenon is known as turbulence. This consists of short term random 
fluctuations in the wind speed and direction. The concept can be thought of as random 
jumps and dips in the wind speed about an average value, on a time scale of the order 
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10 seconds, as shown in Figure 2.3b. This component could be incorporated into the 
statistical model of a Weibull distribution by quantifying it as the standard deviation of 
the mean wind velocity, σU. This standard deviation will vary between values of mean 
velocity, and terrain factors will also play a part in its value, since rougher terrain is 
more likely to increase the turbulent behaviour. Hence, σU itself has variance, but here 
it is suitable to take a conservative estimate of the average. The IEC-61400-1 standard 
uses (2.9) to produce this standard deviation for design purposes [8]. (This equation 
has been developed for a specific average wind speed). 
 10,15 10, ,15 1U c T
U aU
I
a
σ += +  (2.9) 
Where σU,c is the characteristic value of the standard deviation, based on the mean 
value of σU plus one standard deviation of σU. U10,15 is the mean wind velocity = 15 m/s 
reference velocity. IT,15 is the turbulence intensity at 15 m/s, and a is the slope 
parameter [5].  
Another aspect of turbulence and/or terrain conditions is that the wind direction is 
subject to change. For example, locations on the coast can have different wind 
directions between day and night. However, the yaw mechanism allows the rotor to 
turn into the direction of the wind, and thus alleviates this problem. Yet the direction 
change due to turbulence is a substantial problem, as the changes in direction are 
occurring on a scale of seconds, and it is not practical to implement the yaw 
mechanism for this. Thus, there will be a degree of fatigue loading onto the blades in 
the flap-wise (parallel to the rotor axis) direction, additional to that caused by 
turbulence of the mean wind speed. In summation, these rapid changes may lead to 
some cases of extreme loading on the blades [5]. 
There are also extreme wind events or gusts that may cause excessive loads on the 
blade. Such an event is classified as the mean wind speed exceeding U10 for at least a 
10 second period [5]. The method of designing this is to incorporate the excessive wind 
speed into a 10 minute average, but then gauge the timescale in which this U10 may 
occur, e.g. a particular excessive U10 may occur only once every 50 years, and thus it 
is known as a 50 year gust. To relate the duration of a gust to the intensity of the 
turbulence encapsulated in it, a gust factor is used [13, 14]. Since it is difficult to 
produce data sufficient enough to get an accurate measure of this variability it must be 
estimated from the Weibull distribution by using a small data set collected during 
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storms [13].  
In general, the design of the wind turbine must allow it to withstand the extreme load 
conditions. However, it must not be over-designed to a level that reduces the cost-
effectiveness [13]. The usual design parameter is to expect that the wind turbine can 
withstand the 50-year gust when there is no fault with the blade. If there were some 
fault then the likelihood of this coinciding with a 50-year gust is very low, and in this 
case the blade should be able to withstand the annual extreme gust [13].  
In addition to wind speed, other parameters must be considered in the design as these 
will also affect blade loading. For example, the operating temperatures of the blade 
must be considered for maximum and minimum levels, as this will affect the choice of 
materials used. This is of particular importance when looking at interfaces between 
dissimilar materials, as may occur on a blade. Extreme temperature changes are 
considered in the same way as extreme wind speeds, by using the intensity and 
recurrence period. Other considerations that are important for the blade include: 
− Humidity – this will be location specific, but may involve some cyclic variation. 
− Radiation/Ultraviolet light. 
− Rain, snow or hail – these will add additional load on the wind turbine blade, 
and is likely to be common occurrence, and so must be designed against. 
2.1.2.2.3 Aerodynamics of a Wind Turbine Blade 
A wind turbine blade uses the principle of an airfoil to generate the rotational motion 
required for electricity production. This principle is highlighted below in Figure 2.4, 
where the diagram is representative of an aeroplane wing rather than a HAWT blade. 
The airfoil is designed such that it splits the flow in two, and the air flowing over the top 
needs to flow faster in order to rejoin onto the stream. This creates a pressure 
differential, with an area of lower pressure on the top section, and this in turn creates a 
lift force perpendicular to the direction of incoming air [9]. The blade should move in the 
direction of lift, and thus for a rotor the lift should have a component in the rotational 
direction. This can be achieved by increasing the angle-of-attack, where the inlet 
airflow has a vertical component. However, excessive angle will lead to stall and 
generally the angle of attack is quite shallow, a development leading on from helicopter 
design [15]. Thus, through the required operation of the blade there is a substantial 
applied flap-wise loading on the blade. A further aspect of the blade is that it may be 
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variable pitch, which means that the angle of attack can be modified for changing 
conditions, and that in excessive wind loading the blades can be pitched into the wind, 
thus creating a braking effect [16]. 
Lift 
Suction Side
Airfoil 
Drag 
Inlet airflow Pressure Side
 
Figure 2.4: Diagram of air flow over an airfoil. 
When applying this model to a wind turbine, there is an added complication because 
unlike an aeroplane wing, the blade will be rotating. This induces velocities in the wind. 
For this reason, the wind must be considered as a vector sum of the incoming wind 
velocity and that due to the rotation of the blade, as air gains a tangential component 
squeezing between the solid blockage of the blades [13]. Additionally, the rotor has 
varying airfoil geometry along the length of the blade. Such a design will inhibit stall to 
start near the hub and follow on through to the tip [15] and this will create differing wind 
velocities along the length. The methodology used to assess this is known as the blade 
element momentum (BEM) theory, and will not be covered here but can be found in ref 
[9]. Described next is the blade construction details, including the geometry, loading 
cases and materials. 
 
2.1.3 Construction and Associated Loading 
The current wind turbine blade market is competitive because the industry is growing 
and mass production is still emerging. There are several key manufacturers for blades, 
including Vestas, LMGlasfibre and Nordex. Since the specific designs are proprietary 
knowledge it is difficult to obtain the exact materials and designs of blades. However, 
there would be general similarities utilised between the different companies, and this 
will be discussed in this section. 
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2.1.3.1 Geometry 
2.
Section 2.1.2.2.3 described the need for an airfoil design for the wind turbine blade, but 
it also pointed to the high loads that occur during operation. For construction from 
lightweight materials, there are a number of choices in design to enable sufficient load 
bearing capacity. A main requirement from manufacturing is that the airfoil outer 
surface is sufficiently smooth and continuous such that it operates as expected. A main 
objective from a design point of view is that the blade resists extreme fatigue loads and 
high tip deflections [5]. The combination of these two requirements leads to variety in 
designs highlighted in this section. 
1.3.1.1 Internal Reinforcements 
The main point to note is that a solid blade is not practical due to weight and cost 
issues. A hollow profile is used instead. Since the blade is joined at the hub and loaded 
continuously to the tip, it is similar to a loaded beam with a built in end at the hub. 
When the flexure occurs in the flap-wise direction, the long hollow tube-like structure 
will undergo a non-linear bending response known as the Brazier effect [17-20]. This 
effect will be covered in greater detail in section 2.1.5.  
Airfoil
Trailing Edge 
Leading Edge 
Suction Side 
Pressure Side 
Web  
 
Figure 2.5: Profile of blade geometry. 
In order to reinforce the profile there may be internal struts reaching from the pressure 
side to the suction side, commonly known as webs, as shown in Figure 2.5. This 
provides a member that can directly take the compressive stresses applied. Another 
variation includes having a hollow box beam or spar running the length of the blade 
[13]. For this type of arrangement, the spar carries the bulk of the bending load and 
reduces the tip deflection, whilst the airfoil carries the majority of torsional load [21]. A 
third variation is using a number of bays in the profile, each with varying load bearing 
capacities. These may be foam filled for extra support [9]. A final type of common 
variation is that the leading edge airfoil may be reinforced with a thicker cross-section 
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than the trailing edge, as the stresses are biased in this way. This C-spar offers a 
higher moment of inertia in the leading edge, which could be beneficial for the design 
[21]. A single web may be used to reinforce this [13]. The three reinforcements are 
shown together in Figure 2.6. 
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Box beam 
Segmented 
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C-spar 
Figure 2.6: Variety in blade internal reinforcements. 
2.1.3.1.2 Airfoil Considerations 
As stated earlier, the airfoil design is an important aspect when considering the power 
output of the blade. However, there are still a number of important variations when 
considering the airfoil. For example, the turbine may be stall or pitch controlled, both of 
which will affect the design choice of the blade. A further aspect to consider is the 
solidity, which is the ratio of blade surface area to rotor swept area (effectively the 
amount of blade being shown to the wind). A low solidity requires an increased tip 
speed for a given power output. This results in lighter and cheaper blades. The 
downside of this is that the aerodynamic noise produced is increased and the thinner 
blades are more flexible which will have a general degenerative effect to blade life [9].  
A further point to be made with increasing tip speed is that the airfoil design becomes 
more important. This is because the lift/drag coefficient must be high for sustained high 
power extraction (drag acts in the opposite direction to rotation). Also fouling of the 
blades becomes a greater issue, as the aerodynamic properties are adversely affected. 
The design of stall controlled blades means that fouling is more likely to occur on it [9]. 
It is typical to use a family of airfoils in the design of a blade, where the geometry varies 
along from root to tip. Increasingly however, the use of a variety of airfoil families is 
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employed. Typically near the root the shape hardly resembles an airfoil, as shown in 
Figure 2.7. This is because the load bearing requirements generally decrease toward 
the tip and thus the blade can be thinner [22]. Thinner airfoil geometries must therefore 
be selected. The choice of pitch or stall control also helps to determine the thickness. 
Related to this, is the twist of the blade, which will again vary depending on the choice 
of control mechanism. 
 
Figure 2.7: Line up of blade airfoil profiles [23].  
2
2.
.1.3.2 Loading Cases 
As has been highlighted in this section so far there are many different types of loading 
occurring on the blades. These include the aerodynamic loads, the operational loads 
from the control system (braking, pitch control, etc), the gravitational loads and the 
inertial loads [13]. These aspects have both deterministic (uniquely determined by a set 
of parameters) and stochastic (random due to speed fluctuations) load components, 
except for the gravitation load which only has a deterministic component. This section 
discusses some of these important load cases, starting with steady loads. 
1.3.2.1 Steady Loading 
In assuming a homogenous wind speed acting on the blade, an insight into the 
commonly experienced load on a blade can be gained. Here a blade would be rotating 
and thus has a circumferential load (in the rotor plane – in-plane) and a lift load (in the 
rotor axis direction – out-of-plane). Generally the blade would experience a constant 
circumferential load along the length of the blade, with the load dropping off near the tip 
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due to tip loss. The out of plane load/moment is at a higher level and has a linear 
variation with blade radius, again experiencing a drop off at the tip [13]. These relations 
can be integrated to produce an estimation of the experienced bending moments along 
the length of the blade, as shown in Figure 2.8. As the below chart demonstrates, the 
root bending moment is critical, and leads to the design choice highlighted in section 
2.1.3.1.2. 
 
Figure 2.8: Bending moment variation with blade radius [13]. 
Another component of loading that can be considered here is that added to the blades 
by the yaw rotation. Here the blade plane is offset from the rotor axis, and the joint 
rotation of the blade in-plane and around the tower axis will lead to complex bending 
and shear moments along the blade spar [23]. However if the yaw rotation is slow, the 
effect is likely to be negligible. 
2.1.3.2.2 
ons.  
Loading due to Blade Weight and Centrifugal Forces 
The blade weight is proportional to the size of the blade and the associated loads are 
critical considerations for blades in excess of 20 m [23]. A simple method of 
considering this load is to use beam loading theory. Here, the distributed mass of the 
blade has a centre of gravity at a radius rg from the hub. The total weight is W, and 
thus the maximum bending moment acting on the blade is Mg = W*rg. However, as the 
blade is rotating this moment will be cyclical, thus important for fatigue considerati
Conversely, the centrifugal load is independent of blade length, and is dependent on 
the cross-sectional area. This type of loading is due to the rotating mass and acts 
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toward the centre of the rotor and the associated stress can be worked out as the 
centrifugal load Fc divided by the cross-sectional area Ac [23]. 
2.1.3.2.3 Dynamic Loading 
The dynamic response of a blade under flap-wise load is also significant since tip 
deflections at natural frequencies would be high. These high deflections would occur 
when the wind is fluctuating at frequencies close to the flap-wise modes of the blade [9, 
13]. A Cambell diagram can be used to highlight the operating speeds that should be 
avoided due to excitation [9]. As there is a relation between the turbulence and the 
natural frequency, the spectrum of modal vibrations can be related to the power 
spectrum, which was shown as the Weibull distribution in section 2.1.2.2.2. 
To complicate the issue, there are a number of important parameters to consider which 
would not be incorporated into a turbulence model. Firstly, the load on the blade will 
naturally be transferred onto the tower and thus the rotor plane angle will vary with the 
dynamic response due to vibrations of the tower. This will affect the angle of attack and 
may add to the load on the blades themselves. An additional complication is the 
directional turbulence of the flow frequently producing situations where the wind flow 
direction is misaligned, since the yaw mechanism is not instantaneous. In fact, there 
could be situations where the yaw angle is more than ±30o from optimum for several 
minutes [22]. In order to produce an accurate estimation of these fluctuations, 
computer models have been developed which model the various degrees of freedom, 
static properties of the rotating and static airfoils and steady/unsteady aerodynamics. 
These models include the FLAP code, [24], PHATAS-2, [25], and the frequency domain 
code TURBU-1 [26]. 
Another aspect to consider is the case of instability in vibrations, a term known more 
commonly as flutter. Here the amplitude of vibrations increases to large, possibly 
failure inducing levels when the torsional and flap-wise modes are excited 
simultaneously [5]. A way of ensuring these large vibrations do not occur, is to add stall 
strips on the outer section, which induce higher levels of drag and therefore increase 
the damping levels. A similar variation to improve the lift characteristic is to add vortex 
generators. These variables alter the cyclic behaviour of blades, and must be 
considered in fatigue analysis of the blade. 
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2.1.3.2.4 Gust Loads 
One of the key factors in blade life estimation is the occurrence of extreme loads, such 
as the 50-year gust explained in section 2.1.2.2.2. In addition to this, there are more 
common gust events, which are simple increases in wind velocity and/or changes in 
wind direction due to turbulence. Figure 2.9 shows the effects of a gust load on a 
rotating blade. This event will result in an altered angle of attack and a transformed lift 
direction, in addition to an increased lift. In relation to the dynamic response, the effect 
of a sudden direction and load change on the blade will be related to the damping and 
spring forces in the blade. The blade will adjust to the new position with sinusoidal 
motion, which will incorporate a level of overshoot, further increasing the load. This 
complex motion cannot be simply incorporated into an extreme loading statistical 
model, and some over compensation in the design is usually included [23].  
 
Figure 2.9: Lift variation of blade with gust load [23]. Here the angle of attack, α, varies due to a 
change in the wind velocity, w. 
2.1.3.2.5 Fatigue 
In addition to static load resistance, the wind turbine blade must be able to resist the 
cyclic loading applied via the natural wind turbulence, cf. section 2.1.2.2.2. In addition 
to turbulent loading are the cases of start-up and shutdown, which if occurring 
frequently enough will have an effect on the fatigue performance. However, the 
occurrences of extreme loads are not so significant and would generally not be 
included into the fatigue model. Therefore, during a lifetime of 20 years, the blade can 
be expected to endure the order 108 – 109 cycles [23]. The wear-out of the blade is 
more a material issue than that of the construction and is covered in section 2.1.3.3.2. 
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However, the typical methods for modelling cyclic loads will be covered here.  
A common method of modelling fatigue behaviour is to examine the S-N curve. The 
shape of this curve is such that high cyclic stresses will lead to short life, whilst low 
cyclic stresses will lead to long life. There is usually some point where the cyclic stress 
is so low that it cannot produce failure itself. However, a wind turbine blade will be 
loaded under cyclic loads of varying magnitude and a cumulative method is required. 
One concept used is that of residual strength evaluation, which can be used to produce 
a damage fraction, d, which is equal to 1 at failure [27]. Also used is the number of 
cycles performed, n, which at failure is equal to the total number of cycles to failure, Nf. 
Therefore,  di is the fractional damage that has occurred at a cyclic stress σ i for a 
fraction of life ni/Ni. Summation of these various levels can lead to a estimation of 
accumulated damage and is known as the Palmgren-Miner linear damage rule [23, 27, 
28]. 
Typically materials fatigue information is obtained via laboratory tests on small coupon 
specimens. The test will involve running cyclic loads on the specimen. Once this data is 
obtained, the estimation can be made as to the likely life of a larger component and 
similarly a full blade. However, realistic loading regimes are not usually employed onto 
a specimen and thus the blade life model is usually considered with a different applied 
loading regime, such as variable amplitude loading. A popular modelling regime that 
includes this specifically for fatigue loading is WISPER [29], and is used in conjunction 
with the Palmgren-Miner damage model [21]. It is important to note that blade fatigue 
must be treated in a manner specific to the materials used and these materials issues 
are covered in the next section. 
2.1.3.3 Materials 
As a blade rotates, it is subject to an inertial load due to its own mass. Using low mass 
materials for the blade will reduce this load. This generally rules out using vast 
amounts of metal and instead the typical material in use is fibre composites. Along with 
being lightweight, this material is corrosion resistant and an electrical insulator. To 
compliment this material, stiff foam or balsa wood is also used, typically as a spacer in 
sandwich panels, where a thick layer of foam separates two thinner layers of composite 
material. This configuration is similar to an I-beam, where the foam core acts to 
separate the two stiffer faces, hence increasing the second moment of area and 
increasing bending stiffness-to-weight ratio [30]. Common production blades may also 
be built in parts due to their size, and there would be a significant amount of adhesive 
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and steel joints between the various components, although this is getting less common. 
Finally there are steel/aluminium couplings at the root of the blade so that it can be 
easily connected onto the steel hub [5, 9]. The fibre composite and foam core materials 
are discussed in greater detail below. 
2.1.3.3.1 Fibre Composite Material 
There are two components to this material; the high strength fibres and the polymer 
matrix through which they run. The fibres have a high Young’s modulus along the 
length and thus this adds a high level of elongation resistance in a certain direction for 
the material. The polymer matrix is lightweight and the overall weight is less than if the 
entire material were made from the fibre material. In addition, the matrix serves to add 
strength in the direction perpendicular to fibre orientation, as well as providing shear 
resistance. Furthermore, the matrix acts to connect the fibres together and allows 
transmission of loads between the fibres, which is especially important where the 
composite has been damaged. The strength variation between orthogonal directions is 
shown below in (2.10) and (2.11), which are the fibre longitudinal and transverse 
modulus values respectively [31]. 
 11 m m f fE E V E V= +  (2.10) 
 
 22
22
1 1
m
m
f
f
EE
EV E
=
⎛ ⎞− −⎜ ⎟⎝ ⎠
 (2.11) 
 
Where E is the Young’s modulus, V is the volume fraction, and subscripts f and m refer 
to fibre and matrix respectively. 
There are three main types of polymer used for the matrix; polyester, epoxies and vinyl 
esters. They are used in liquid form, however they are set solid when cured with the 
fibres and generally behave in a brittle manner. Polyester is the more common type 
due to its low cure time and lower costs, although the epoxies have better chemical 
resistance and lower shrinkage. The vinyl esters are similar to epoxies, yet are less 
expensive [9]. In addition to this it is typical to use a sizing to better adhere the fibre to 
the matrix, although the type depends on the selection of fibre and matrix [13].  
There are two main fibres commonly used in the wind turbine industry, glass (GFRP) 
and carbon (CFRP). Carbon fibre has the benefit of having a higher modulus and is 
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lighter than glass. Its use would result in lighter and more efficient blades, although the 
added expense has resulted in glass being the prime material of choice. The most 
common type of glass fibre to be used in the industry is E-glass. Recently however, 
carbon has started to come into use in the market, being used alongside glass fibres to 
increase strength [9]. Carbon can be used for some of the more demanding 
requirements, such as the brake shafts in the blade tips [5]. 
Generally, the composite fibre material is supplied as a fabric or a ply, which can be 
joined together to form many layers on top of one another, a structure known as a 
laminate. These can be joined by either stitching together the yarn or by using a 
bonding agent which is later dissolved [13]. A common method of manufacturing 
components in this fashion is known as pre-preg vacuum bagging. Here the plies are 
saturated with resin ready to cure when heated. The plies are laid up in the mould in 
the required sequence and then a vacuum bag is placed around the mould. The set-up 
is heated to cure the resin and the vacuum bag ensures that trapped air is evacuated. 
A similar method is known as vacuum-assisted resin transfer moulding (VARTM). Here, 
the plies are set-up in an airtight membrane without the resin and a vacuum is applied. 
This suction draws the pre-mixture in through pre-arranged piping and generally this 
method allows higher amount of control and higher volume fraction of fibres, although 
perhaps slightly inferior mechanical properties to pre-preg materials [13]. 
A slightly more mechanical method is known as wet hand lay-up. In this method, a 
layer of resin is applied to a mould, on top of which a ply is added. Subsequent layers 
of alternating resin and plies are added according to the laminate schedule. In order to 
ensure thorough bonding, mechanical bristles are used to ensure wetting of the fibres 
and trapped air is expelled. Importantly, if the previous layer dries prior to application of 
the new layer then the bond has to be considered new and requires effective surface 
preparation to ensure high strength [13]. The vacuum based processes described in 
the previous paragraph would be more likely to produce better quality results and 
stronger components due to the higher control. They are however, more expensive, 
especially if used for larger components. Joining of smaller components made in this 
fashion can be practical, although the joints would be the suspect weak spots. In 
addition, the wet hand lay-up usually involves a substantial amount of manual labour, 
which is prone to inconsistency. There is potential for automation, which would improve 
this factor.  
Regardless of the method(s) utilised, processing typically leads to the defects 
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incorporated into the material [27]. Some of the most important micro-mechanisms of 
failure under static and fatigue loading for fibre composite laminates are [31]:  
− Transverse cracks – these cracks appear in between the fibre lengths, 
transverse to the direction of applied load. Primarily these occur in the 
transverse ply. 
− Longitudinal cracks – these cracks appear running alongside the 0o load 
carrying fibres, primarily in the longitudinal ply. Often fibres bend and bridge 
these gaps, at some stiffness expense. 
− Longitudinal fibre fracture – this fracture may occur for one of two reasons. First 
the stress concentration at the site of a transverse crack may cause the 
surrounding longitudinal fibres to fracture. Secondly, the bridging longitudinal 
fibres may kink and fracture at this point. Locally, the stresses of the matrix are 
higher, yet this is spread back across onto the surrounding fibres and after 
some length back onto the split fibre. 
− Edge delamination – this is where plies split apart from one another at the edge 
of the plate. 
− Internal delamination – this occurs at the intersection site of a longitudinal and 
transverse crack, inside of the plate. 
− Fibre/matrix disbonding – where the fibre and matrix split apart, as explained 
above. This is most likely the result of applied shear stresses.  
The last point is interesting, as generally composites perform poorly in shear due to the 
matrix stiffness and interface strength being the key properties deciding the shear 
modulus. One method of increasing this property is to use woven fibre composites. 
This is where yarns of fibres are woven so they are crisscrossed together. From this 
the shear loading is resisted by increased frictional forces as compared to non-woven 
fabrics. The disadvantage of this is that the crossover points act as stress 
concentrators under tensile loading, and thus these composites exhibit reduced tensile 
performance [32]. In addition to this, the extra mechanical processing required to 
produce the woven structure may reduce the mechanical strength by introducing 
defects into the fibres. 
As the various aspects of the blade undergo a variety of loads, the employment of the 
composite material is also varied. As mentioned in section 2.1.3.1.1, the airfoil is 
subject to primarily torsional load, which requires the use of composite layers aligned 
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±45o to the principle direction. On the other hand, the spar caps will be under primarily 
bending load, so the fibres should be aligned along the blade length. If all layers have 
this alignment, then it is termed unidirectional (UD), although it is probable that there 
would be a few layers in ±45o to withstand the additional loads in alternative directions.  
2.1.3.3.2 Fatigue Behaviour of Fibre Composite Materials 
The model described in section 2.1.3.2.5 can be applied to fibre composites as well as 
metallic structures. The difference between the two is the measured damage 
mechanism. In metals, the fatigue damage is measured via crack growth, however in 
composites the damage occurs as fibre fractures, matrix cracking, interfacial debonding 
and so on. The application of cyclic loading will lead to a degradation of the material 
strength, which will lead to failure when the residual strength level is equal to the 
externally applied load. This in turn will lead to a developed S-N curve. An important 
point is that the applied stress levels will determine the failure mechanism. For 
example, a high applied stress will tend to favour fibre breakage, whereas at lower 
stresses, matrix cracking and shear failure will become prominent [27]. 
One difficulty of understanding GFRP material under fatigue arose because of its 
viscoelastic properties. The strength will be strain rate and temperature dependent, i.e. 
it provides a non-linear response. This issue is further complicated during large strain 
cycles as the material is subject to hysteresis temperature rise. CFRP does not present 
this behaviour in tension/compression as the fibres modulus is very high. Generally 
carbon fibres do not show significant wear over lifetime under tension/compressions, 
although it is apparent under bending and torsion [27]. 
A variation on the Palmgren-Miner model, section 2.1.3.2.5, that is more suitable for 
composites is the Generalized Material Property Degradation Technique [33]. This 
model does not assume a linear damage development, it instead allows the material 
properties to adjust after every cycle. This may involve a general degradation of the 
material properties or a sudden change after some catastrophic failure. This method 
has been used successfully for a finite element model of a full wind turbine blade [34]. 
The major disadvantage of such a method is the amount of computing time would 
increase significantly as the properties are adjusted after every cycle. 
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2.1.3.3.3 Foam Core Sandwich Material 
Foams used in structural components are typically termed cellular foams as they can 
be considered a random orientation of hollow pores with a similar size, i.e. cells. As 
stated previously, the core is the spacer between the two faces when used in sandwich 
material and thus must possess resistance to thickness reduction. Under bending, the 
core will be subject to high levels of shear and must possess a high shear modulus.  
There are four main types used; polyurethane (PUR), polystyrene (PS), polyvinyl 
chloride (PVC) and poly-methacryl-imide (PIMI). Although PUR is the cheapest, its 
mechanical properties mean that it is not often used in load bearing application. More 
commonly PS and PVC are used for this purpose, with PIMI’s main advantage being 
that it is heat resistant [30]. 
The mechanics of foam cores is usually treated by considering each pore as a cell and 
that the cells are so small that the random orientation plays little effect upon the global 
behaviour of the material. In this way the material can be thought of as having isotropic 
orientation. Analyses have shown that the increasing compressive stress will eventually 
lead to densification of the foam and an increase in the modulus. The cell walls will act 
to resist this compressive load and can generate linear-elastic deformation. At higher 
loads, the cell walls will crush as a result of either buckling or via brittle crushing which 
requires cell wall fracture. As a result, the stress will plateau for increasing strain [35]. 
The effect of increasing temperature has been recorded as having a negative affect on 
the shear modulus of the material [36]. This research has suggested that PVC foam 
suffers the greatest loss of shear modulus over a given temperature range, when 
compared to PMMA and PE (Polyethylene). The operating temperatures for this 
material when in a blade will be very much site specific, but typically won’t exceed      
50 oC. Based on past research, the mechanical properties would still be sufficient at 
this temperature and the strength reduction would be well categorised [37]. Therefore, 
it is not envisaged that temperature effects will play a large role in the failure of this 
material when used in wind turbine blades. 
When considering sandwich material, the independent failure mechanisms in the 
composite and the core are important for the general understanding of the structural 
requirements. However, the failure of the panel as a whole requires analysis of the 
combined effects of the three components (composite, adhesive and foam) with the 
applied loading regime. For instance, if the panel is loaded in uniaxial tension, then the 
stiffness of the core is insignificant compared to the faces, and the failure of the faces 
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should be considered only. In flexure, the considerations are more complex, as the 
core will be in shear, whilst the top face will be in compression and the bottom in 
tension. Since the tensile and compressive properties for fibre composites are different, 
all three components must be considered separately. To further complicate matters, 
the interfaces between the core and faces must also be considered as they are integral 
in transferring the loads [35]. Some of these key failure mechanisms for a foam core 
sandwich panel are given below: 
− Tensile face yielding – the bottom face is in tension and will fracture at a load in 
accordance to fracture mechanics. 
− Face wrinkling – this occurs only on the compressive side and requires the 
adhesive joint between the core and face to fail. The wrinkle involves short 
wavelength elastic buckling, and is a function of the cell size for honeycomb 
cores [38]. 
− Core failure – this occurs when the shear load in the core is equal to the shear 
yield strength. At this point plastic hinges will appear and the panel will bend 
into these points [35]. 
− Indentation – this occurs as a result of insufficient compressive core strength 
with the core yielding, and the faces will deform either plastically or elastically 
[38]. 
The fatigue behaviour of foam is generally problematic to design against as there is 
only a small amount of data available for this material. One way to resolve this issue is 
to over-design the component [30], a method often adopted in the wind turbine 
industry. Some of the research available suggests any onset of fatigue is likely to occur 
in the adhesive joint between the core and skin, or through repeated shear of the core. 
Typical failure occurs in the form of an interfacial (in between the core and skin) or 
interlaminar (in between the skin layers) delamination [39]. A key factor determining 
fatigue behaviour in wind turbine box girders is the variation of loads between the caps 
and the webs. The webs are primarily designed to transfer the load between the caps 
via shear and the fibres are orientated at ±45o. The fatigue behaviour in shear is 
different than that occurring in unidirectional fibres that are in the cap as a result of the 
alternating layers and research suggests that under maximum loading conditions the 
webs will exhibit a reduction in fatigue life [21]. 
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2.1.3.3.4 Other Important Materials Factors 
A major factor in determining fatigue life of a blade is the connections between 
components in the blade. For example, various panels are typically connected together 
by adhesive or steel joints. Typically the steel joints have a T-bolt geometry and are 
pre-stressed to avoid slackness under the maximum compression loads. Regardless, 
previous testing has shown that these studs typically fail under fatigue within the 20-
year lifetime [21]. 
Another point to consider is the presence of lightning protection running the length of 
the blade. This is necessary since the blade is a non-conductor, and a lightening strike 
may cause internal damage to the blade. The lightning protection is typically an earthed 
copper cord that is integrated into the spar, with a receptor located at the tip. This 
increases the likelihood of the lightning hitting the receptor and the electricity surge can 
then run through the cord to earth, although such a design is not a complete solution 
especially for longer blades [5]. The presence of this copper cord in a primarily 
composite blade results in a material discontinuity, which in turn may act as a stress 
concentration site. 
2.1.4 Maintenance Issues 
In addition to considering the materials, loading and geometry issues regarding wind 
turbine blades, it is also necessary to examine how the blades are certified and 
maintained. This will play an important role in governing blade performance and blade 
life. 
2.1.4.1 Operational Factors 
In order to avoid excessive loads upon the rotor components and tower, the wind 
turbine has a control system which will alter the blade operation from a dangerous state 
to a less dangerous state. The primary concern for a control system is to keep the 
power at the rated value and there are a number of factors involved in this. These 
include; varying the operating speed for a variable speed turbine, regulating the pitch 
for a pitch controlled rotor and adjusting the rotor plane orientation with a yaw device. 
The components used depend on the particular wind turbine design, however the 
control process will be roughly the same. Briefly this consists of gaining a knowledge of 
the current operating conditions via internal or external meters, using a logic software 
to decide which control operations should be executed and then using a hardware 
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system to execute the operations [9]. 
Perhaps the most relevant control operation is the cut-out period, where the brakes are 
operated to stop rotation in the case of an excessive mean wind speed. This then stops 
gravitational and inertial loading, although the blade would still be under static load [8]. 
Other inputs to the control system are the power output and the vibration levels. An 
example of power cut-out is shown below in Figure 2.10. Here the flat section between 
13 – 24 m s-1 represents the rated power of 500 kW.  
 
Figure 2.10: Example of power cut-out at high speed, [40]. 
2.1.4.2 On-Site Blade Inspection 
A key methodology for blade inspection is remote, or otherwise, supervisory control. 
This is where the system state and certain operating variables are controlled by the 
wind farm operator or maintenance team. This requires a method of reporting back to 
the operator, who may then be able to switch the state of the turbine depending on the 
operating conditions, for which he/she will have information. In addition, the ability to 
impose emergency stops is possible and the operator can use information to diagnose 
potential issues with the system [9].  
If the use of supervisory control has detected a problem with the turbine then a 
technician is usually called on-site to diagnose the problem and possibly fix it. In 
addition to this, there are scheduled maintenance periods where the wind turbine is 
inspected for various factors, including fouling or icing of blades, which require the 
maintenance workers to physically clean the blades [9]. As the recent trend is to build 
turbines off-shore, the cost and dangers of regularly cleaning or inspecting the system 
will increase and a remote system which could target the areas for attention would be 
beneficial.  
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2.1.4.3 Blade Certification Testing 
Prior to installation of a new type of blade, there is a requirement to measure the 
strength and fatigue properties via full-scale testing [41]. This is to gauge whether the 
bonding of the plies is sufficient and would not separate due to delamination during 
operation. In order to measure the developed load levels, the blade is equipped with 
strain gauges and displacement transducers. The measurement outputs are logged 
and observed via computers. During the test, observation of a non-linear response to a 
bending test would imply that there is some problem with the blade and displacement 
transducers may allow for evaluation of location of the problem [5]. 
Static tests are performed in the forward and reverse directions for both flap-wise and 
edgewise directions. Loads are taken to the extreme design levels, thus allowing 
suitable verification of the design. Dynamic tests are also conducted in both the 
edgewise and flap-wise directions. A choice of loading in forward and reverse 
directions simultaneously or individually is allowed [5, 41]. In order to reduce testing 
time, the fatigue tests can be accelerated by increasing the applied load so that the 
damage accumulated is used as the measure of fatigue life rather than cycles directly. 
The load levels are typically 1.3 times the true load spectrum, and tests run between 2 
x 106 to 5 x 106 cycles [5].  
Other important factors considered when performing blade certification include 
measuring the lowest natural frequency, to ensure that it doesn’t coincide with the 
rotational frequency. Related to this is the measurement of the natural damping of the 
blade, potentially allowing alteration of blade design. Finally, the residual strength of 
the blade can be ascertained after the fatigue cycle via a second static test, thus 
ensuring the stiffness is sufficient after some lifetime expenditure [5]. Detailed testing 
techniques are included in wind turbine standard IEC-61400-23 [42]. 
 
2.1.5 Full Blade Testing Results 
The full blade tests will generally lead researchers to a better understanding of the 
blade design. Hence it forms a critical part of blade development. Presented in this 
section are the results of a full blade test performed at Risø-DTU, which used multiple 
sensors to categorise the nonlinearities arising due to excessive static loading [43]. The 
loading arrangement was designed to simulate an overload in the flap-wise direction, 
as demonstrated in Figure 2.11. This was achieved using up to three loading positions 
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attached to the blade, loaded by hydraulic pistons. Multiple test runs were made, with 
the final stage designed to cause failure in the blade. Further details of the test 
methods can be found in the data report [43]. 
One of the key observations of the experiment was the development of the 
phenomenon known as the Brazier effect. This non-linear geometrical response was 
the result of the compressibility of the cross-section and the cause is depicted in Figure 
2.12a. Here, the global blade flexure results in compressive and tensile stresses in the 
caps, which can be split into component parts termed longitudinal and transverse. Here 
the transverse component will act to compress the box girder cross-section, as 
depicted in Figure 2.12b. The lightweight materials and the reduced thickness of the 
cross-section will result in deformed cross-section, an ovalisation effect, which in turn 
will result in a varied second moment of area, and hence a non-linear bending 
response. A general solution to this type of behaviour was first developed by L.G 
Brazier [17, 44], hence the term “Brazier effect” was coined.  
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Figure 2.11: Flap-wise flexure of box girder and resultant transverse force components causing 
the Brazier effect [45]. 
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Figure 2.12: a) The global blade flexure induces longitudinal and transverse stress components 
on the box girder caps [45]; b) The Brazier effect, resultant from the transverse stress 
components [44-46].  
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Brazier developed collapse criteria for such structures, where a critical flexural 
deflection would lead onto an unstable level of ovalisation. The full blade tests did not 
see this unstable effect, although another potentially unstable effect was identified. 
Namely this was the longitudinal buckling response of the cap that resulted in peaks 
and troughs observed along the cap direction as depicted in Figure 2.13. This was 
identified as the unstable event that resulted in eventual failure of the blade in the 
experimentation carried out on a differing box girder geometry [47]. The damage that 
was induced by this effect was interlaminar shear cracks in the cap, which were 
delamination cracks arising due to high shear strain variations in the cap. These types 
of cracks were also recorded in the full blade tests performed in [44, 46], yet the failure 
observed with that blade design was a disbond of a skin from the core of a web in the 
load carrying box girder. This disbond would have been the result of high shear 
stresses that arose due to both the global blade flexure and the resulting Brazier effect. 
Once this had initiated, the blade incurred failure due to unstable buckling, although it 
was made clear that the initiator was the skin disbond.  
 
Figure 2.13: The buckling shape observed along the box girder cap during a high static flap-
wise load full blade test [47].  
Overall it was shown that the Brazier effect was an important non-linearity that had a 
bearing on the eventual failure mode of the blade. Additionally, the cap buckle was 
another important non-linearity that would govern the loads at which the blade would 
see eventual failure. It was inferred that the current blade designs were suitable to 
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endure 50-year gust events. These results allowed an insight into the types of non-
linear events that may occur when there are not ideal situations in a blade, such as 
when pre-defects may exist, resulting in excessive tip deflections. Furthermore, the 
non-linear effects are more likely to become important for future blade development 
since material usage efficiency will be a key target [4]. The next section discusses 
some of the reliability studies that have been performed on these structures. 
 
2.1.6 Reliability Overview 
This chapter has so far presented that wind turbines are subject to complex loading 
arrangements, made from customised lightweight material utilising different geometries 
and are subject to rigorous testing and maintenance procedures. This has left the 
structures with an availability of approximately 98 % [48], meaning that a wind turbine 
will be unable to operate for roughly 7 days in a year. This section provides a brief 
summary of the reliability statistics obtained from literature, with a focus on the blade 
structures. 
A survey of the operational failures of over 1500 wind turbines located in Germany, as 
part of the German program “250 MW wind”, was summarised in [48, 49]. The mean 
operation time was 10 years at the time of the survey. It was deduced that sub 1 MW 
wind turbines typically saw a drop in failure rates as the age increased. These 
structures are therefore likely to fit the “bath-tub” model of reliability, although end of life 
data was not available. This model suggests that there are a high level of initial failures 
resulting from operational and design/installation issues, followed by a period of 
reduced random failures and then an increase of failures towards the end of life due to 
wearing of the subcomponents. The turbines rated greater than 1 MW also appeared to 
follow this bath-tub model, although the data available could not produce a definitive 
answer. This proposed model was supported by a reliability study based on failure data 
from multiple turbines around Europe [50].  
When considering the subcomponent failures, it was recorded by [49] that blades were 
the parts that were replaced most frequently, followed shortly by the generator. This 
was mostly due to the difficulty of repairing these structures following incidents. 
Similarly [50] showed that the rotor, which includes the blades and hub, had the second 
highest failure rate, after the electrical system. Also presented in this paper was that 
the downtime of the wind turbine was less for a rotor failure in comparison to the 
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gearbox and the usual focus in reliability research is concerned with the gearbox [48]. 
The reason for this difference in downtime is due to a long lead time for procurement of 
plant spares, whereas blade replacement is generally quicker. As these structures 
move offshore, this balance may change, since it will be more difficult to replace the 
blades with current marine equipment. Another variable to consider is the operation of 
the drive train and its impact on the blade reliability. This was shown in [49] and [50], 
where factors such as pitch regulation and variable speed drives will act to reduce the 
failure rate.  
Gathering data of actual failures has been difficult due to the protected nature of such 
information. However, the general understanding is the most common types of failure 
are the result of manufacturing issues, insufficient bonding, leading edge erosion (of 
the adhesive), trailing edge splits (where the aerofoil halves split apart) and lightning 
strikes [51]. Without statistical data, it has been inferred that the failures observed in 
the full blade tests (section 2.1.5) are the relevant issues for modern and future blades. 
The overall conclusion is that the blades are critical components in a wind turbine, 
since their reliability is among the lowest of all subcomponents in a wind turbine. 
Although their failure results in a medium term downtime, the prospect of replacing or 
repairing them offshore will greatly increase the criticality of their failure. Finally, routine 
maintenance can act in someway to reduce downtime of wind turbines in general, 
especially during the early and final stages of the lifetime. However, the random 
failures observed during the bulk of the operation cannot generally be estimated 
without use of fitted sensors. Implementation of these will also enable the operators to 
better understand the types of failures they may see on the blades, and potential 
sensor techniques are discussed next. 
 
2.2 Non-Destructive Evaluation Techniques 
There are a number of methods that can be used to assess laboratory specimens 
undergoing deformation. However, an objective of this research is to suggest means to 
allow structural health monitoring of a blade and to identify equipment which can do 
this via laboratory experiments is a first stage. This section discusses some of the 
possible methods that could non-destructively measure deformation/failure within wind 
turbine material. Discussed first are two optical based methods, starting with digital 
image correlation, followed by fibre optic based methods. Following on from this, 
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acoustic emission monitoring is discussed, then thermography and finally frequency 
based methods are presented. 
 
2.2.1 Digital Image Correlation 
Gaining popularity across many engineering and scientific fields is the use of non-
destructive testing of components using precision optics. The reason for this is easily 
seen when considering a wind turbine blade, which is a large expensive component 
whose structural integrity would be compromised by intrusive methods of life 
estimation. There is potential to scan areas rather than obtaining point information.  
One of these optical methods is known as digital image correlation (DIC), also referred 
to as the white light speckle technique This can be used to produce a full-field surface 
displacement and strain maps by comparing a series of images captured at various 
levels of deformation. To trace the specimen features, a stochastic paint pattern is 
usually applied to the specimen surface. The technique can be applied without use of a 
paint pattern if there are distinguishing features on the surface with suitable contrast. 
However, it has been deemed far more reliable to use an applied speckle pattern, [52]. 
The process works by capturing an initial image using digital cameras, which is treated 
as the reference to which all subsequent images are compared. These subsequent 
images will show the surface paint pattern with some variations as a result of 
deformation [53]. To achieve a higher degree of accuracy, correlations are based on 
quadrilaterals of pixels, known as facets, rather than using individual pixel tracing. 
These facets have an array of greyscale values corresponding to the pattern, much like 
a barcode, thus allowing tracking through the subsequent image stages [54]. This 
process is demonstrated in Figure 2.14. 
 A facet of 15*15 pixels Progressive levels of deformation 
Figure 2.14: Example of DIC method. 
It is usual to overlap the facets to increase the correlation accuracy and reduce the risk 
of missing data in the evaluation. The size of the facets and the level of overlap play an 
important role in determining the correlation. For example, strains can be measured in 
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the range from 0.1 % to over 100 % with accuracy of ca. 0.05 % (500 micro-strain) 
under best conditions [53]. However, the resolution is related to the useable facet size, 
which in turn will determine the level of strain variation that can be obtained. For 
instance, if there were a feature in the specimen, then selecting a facet size which 
eclipsed it would result in a low strain resolution and the strain pattern associated with 
the feature may not be discernable. However, using larger facets allowed more data to 
be analysed and the accuracy of the measured displacement vector associated with 
the facet is increased. 
The apparatus required to process the results are a digital camera with suitable lens, 
tripod (so that the image plane is constant), lighting to illuminate the specimen and a 
computer with processing software loaded. Apart from the software, the other 
apparatus required are standard items readily available. There are a number of 
software packages available on the market, including ARAMIS by GOM, [55], Vic-
2D/3D by Correlated Solutions, [56], and StrainMaster by LAVision, [57]. The general 
operation of these various methods is the same, although the stated accuracies may 
be different. These differences are highlighted in Table 2.1. 
Table 2.1: Comparison of various DIC packages. 
Parameter ARAMIS Vic-2D/3D LAVision 
Strain Range 0.05% - +100% 0.05% - +500% 0.01-1000 pixel deformation 
Quoted Accuracy 0.02% No data 0.004% 
Going into greater detail regarding the general method, it is specifically the recorded 
light intensity of the facets that is tracked, where each facet should have a unique array 
of grey scale values (8-bit) associated with it due to the light reflecting from the random 
paint pattern captured as pixels assigned a certain grey scale value, [58]. For this to 
work precisely the light intensity between image stages must not vary, which is a 
condition unlikely to be met considering that a slight displacement may easily induce a 
variation in surface reflectivity, and this is a common source of errors. It is therefore 
easy to realise why a facet is used rather than a single pixel. In order to track a facet 
between images a correlation is performed, typically using light intensity array as the 
matching parameter. Simply put, the idea is to compare a group of pixels on a 
subsequent image stage to a selected facet on the initial image. The difference in 
intensity array between the two is then calculated and from this a correlation parameter 
is obtained. This process is repeated for many different pixel groups on the subsequent 
image and the matching group is selected as the one where the correlation is best, 
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[58]. The acceptable correlation parameter can usually be set by the user.  
Once the subsequent images have been mapped to a starting facet, the displacement 
can be worked out for each facet. This is simply the new distance (in pixels) minus the 
original distance, calculated in all working directions, i.e. in 2 directions for 2D, and 3 
directions for 3D. Strain can be calculated as a differentiation of this array and is 
termed as the engineering strain tensor. The calculation of the strain tensor is 
formulated at points along the image array and can allow for strain variation along the 
image due to some apparent feature. There are a variety of methods to achieve this, 
which include a linear gradient method, second order gradient method or even a spline 
based method, [53]. Generally speaking, for each point the appropriate strain tensor is 
estimated from the displacement map and a new displacement field is generated. To 
improve accuracy further a deformation map is produced using the estimated strain, 
termed as a synthetic map. This is then compared with the actual image and the vector 
differences between the two are calculated. Again, the strain tensor is calculated such 
to reduce the difference via a statistical correlation parameter [58]. 
Left camera 
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X2 
Right camera 
 
Figure 2.15: Trigonometric principle of stereoscopic imaging, based on the work in [59]. 
The use of 3D DIC is regarded as more accurate since it is able to track any out-of-
plane deformation. A 2D system will incorrectly record this motion as an in plane 
deformation. Perhaps the greatest benefit of using 3D DIC is the ability to measure 
deformations of non planar surfaces, such as tubes. This is very relevant for practical 
use in wind turbine blades. The measurement of the out-of-plane deformation is based 
upon simple trigonometric principles as shown by Figure 2.15. Using similar triangles, 
the out-of-plane displacement can be identified using equation (2.12). The greatest 
error of this type of analysis arises when the distance Zo is very great, leading to very 
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small variations in xL and xR. Additionally, an accurate calibration is required to 
determine accurately the values of d and the angle between the cameras, otherwise 
the values of x
R
L and xRR will be estimated incorrectly. Hence, there may be some 
situations where the use of a single camera for 2D work is a better choice. Some of the 
applications of DIC are discussed next. 
 o
L R
d fZ
x x
⋅= −  (2.12) 
Where 
− Z is the out of plane distance. 
− dc is the distance between camera centreline. 
− fc is the focal length. 
− xL and xR are the distances between the image centreline to the point on the 
CCD which the light converges for the left and right cameras respectively. 
R
 
2.2.1.1 Applications of DIC 
As this technique is so versatile, it has been applied to a large variety of engineering 
purposes. One of these is the measurement of strain variation across a welded 
structure, [60, 61], where the weld metal is seen to exhibit reduced strain as compared 
to the base metal. The reason for this is that the modulus of the weld metal is typically 
higher than the surrounding heat affected zone. When welded specimens were taken 
to failure the strain field seemed to vary from a linear distribution to one which was 
dependent on the subsurface quality of the weld structure, i.e. there is a strain 
concentration surrounding the defects, [61]. 
Other groups have performed work on dynamic mapping of animal tissue and other 
bio-mechanical aspects, [62]. Also, work has been performed to determine strain of 
crystal structures correlated to strain gauge data, working at the lower accuracy limits 
of ARAMIS, [63]. This was successful to a degree and showed that the system can be 
used to detect very small strain in a controlled experiment, but the majority of work 
performed has been on the small scale. 
On wind turbine blades, there is some research being conducted on the use of DIC on 
full blade measurements, although very little of this has been published. Work carried 
out at Risø-DTU has shown that the technique can provide useful results, [4], where it 
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was applied to the reinforcing box girder to measure the difference in deflection 
between a reinforced and un-reinforced design. The measurement was made by 
applying a coarse pattern to the blade and measurements were made across an image 
plane of 3.5 m, which was the quoted limit of the ARAMIS 4M system [55]. The main 
difficulty with such experimentation is that a large aspect ratio cannot be avoided, 
where the length of the specimen is much larger than the width (or vice-versa). The 
best way to produce useful results from this arrangement has been determined to be 
from rectangular facets [52]. 
2.2.1.2 Errors of DIC 
As with any experimental system there will be some factors that affect results obtained 
from DIC, including computation algorithm, illumination variance, surface degradation, 
lens telecentricity, capture device quality/variables and out-of-plane deformation. A 
brief discussion of these factors is included here. 
Taking the example of a global displacement that is less than one pixel, the resulting 
image set would contain a different illumination array across the image map and 
matching between the images could not occur without some form of sub-pixel 
interpolation. This interpolation allows for scanning sets of pixels and matching the 
closest average to the initial image. Yet, there is a choice of interpolation sets, where 
scanning could commence bi-linearly (2x2 pixels), or bi-cubically (3x3 pixels) [64, 65], 
with bicubic being inherently more accurate. This allows the method to achieve higher 
sub-pixel accuracy. However, it must be noted that with any interpolation or iteration 
process, the best light intensity correlation parameter will have an accuracy that is 
based on the number of decimal places used in the method, and hence will never be 
perfect.  
In addition to this, an image pattern may become unrecognisable if the deformation is 
severe, becoming unrecognisable beyond the capabilities of the software package to 
compensate for. This is the reason why the DIC packages state a maximum strain limit. 
Furthermore, the image plane selected influences the deformation that can be 
determined. For example, if the initial image is 40 mm square, and the second image 
has a rigid body motion of 40 mm in a certain direction, the two image patterns will not 
contain the same pattern unless the camera is also moved.  
There are many types of optical errors that occur with this technique, including 
variations in the illumination, aberration in the lens and variations in the applied pattern 
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(including speckle size and variation), all of which are better described in [66]. Typical 
DIC algorithms will be designed with a degree of robustness to counter numerous 
variations in the signal. The use of facets is one of these methods, allowing correlation 
to be based around a matrix of pixels, as mentioned previously. In this matrix, an 
illumination factor is created, which has a predetermined range that will allow small 
variations in the overall grey scale values between image stages. Another parameter 
that is compensated for is the deviations between image centrelines between stereo 
cameras used for 3D. This deviation of calibrated values will allow a sub-pixel variation 
between the physical positions of initial facets based on values determined during 
calibration process. This calibration process will generally alleviate issues with lens 
distortion and inconsistencies between camera positions. These concepts of correlation 
robustness are based on the ARAMIS software supplied by GOM [53], and show that 
conditions do not have to be specifically perfect to obtain reliable data. Discussed next 
is the use of optic fibres for condition monitoring 
2.2.2 Optic Fibres 
Fibre optic systems have gained publicity as a means for high speed data transfer and 
it is often associated with telecommunications. A simple fibre optic system consists of a 
laser transmitter, a photo-sensitive receiver and naturally the low loss fibre optic cable 
itself. Using optical spectrum analysis, the optic fibres can enable measurement of 
structural damage in components such as wind turbines. This involves examining the 
power of the received signal as a function of wavelength, where shifts in the peak 
power along the wavelength scale indicates some damage occurrence. The analysis of 
the effect is gauged by comparing the sent signal to that received, usually with a 
power-wavelength plot, [67].  
A number of different research groups have utilised this optical method by employing a 
fibre Bragg grating sensor into the system, [68-72]. This grating would be adhered to 
the composite body or incorporated into the layup, and strain as the component does. 
The gauges work by reflecting a certain wavelength of a broadband signal depending 
on the grating spacing that forms the gauge. As the gauge strains the grating spacing 
increases and a different wavelength is reflected. These particular gauges have the 
advantage of a direct physical correlation between wavelength and strain, and 
replacement of hardware would not necessarily require a recalibration of the gauges 
themselves, [68]. As the gauge is in contact with the blade constantly, the potential for 
remote operational condition monitoring is clearer than with DIC. Placing the gauges at 
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strategically relevant positions along the blade will result in an idea of the status of the 
blade under load and a load history the blade can be developed.  
Such a system has been set-up on a wind turbine in Wilhelmshaven, Germany, [68], 
and has utilised arrays of fibre Bragg gauges attached to a single broadband light 
source generator. The gauges themselves measure 5 mm and are mounted on pads 
400 mm long, to allow strain evaluation over a long gauge length. This type of system 
requires that the gauge itself remains attached to the blade and laboratory testing 
simulated 20 years of operation testing a variety of different attachments, although the 
results had not been presented. 
Recent research has promoted the use of chirped fibre Bragg grating (CFBG) sensors, 
which have sensors with gratings of increasing size. This technology reflects a broad 
wavelength array of the incoming broadband light signal and this wavelength array 
range equates to the length of the sensor. The benefit of this more expensive sensor 
type is that a strain anomaly could be monitored if it causes a local perturbation in the 
grating. This was demonstrated for a single lap joint between two composite plates 
[73], where the sensor was located along the joint length. The front of the disbond has 
a high strain variation, which induced local grating strains in the sensors. There were 
local variations in the grating spacing, and hence there were local variations in the 
reflected signal, allowing monitoring of the crack front transportation. The implication 
for wind turbines is that specific types of damage could be monitored using this type of 
technology, where the sensors are positioned strategically along the blade. The 
damage information could be monitored periodically to gauge the response of the blade 
and potentially the downtime could be reduced, although it unknown how accurate the 
strategic placement of the gauges would be. 
The major benefit of using optic fibres rather than cheaper electric strain gauges is that 
the there is not an issue with lightning accidents, i.e. it does not attract lightning. An 
additional benefit is that it is lightweight, as the cabling is usually thinner. There are 
some potential drawbacks in that the gauges can only act as pin point strain estimators 
for certain locations, and thus vital information may be lost. Generally speaking more 
gauges results in greater coverage of the blade and a better estimate of blades 
condition, but there has to be a balance between the amount of gauges used and the 
financial benefit achieved. Indeed, research shows that these gauges are able to 
reliably predict damage in composites when positioned at the site of the defect [74]. 
Furthermore, this system seems to be one of the most pursued methods for solving the 
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structural health monitoring issue, along with acoustic emissions monitoring, which is 
discussed next. 
 
2.2.3 Acoustic Emissions 
The acoustic emission testing principle is based on using sensors to listen for audible 
emissions from a component that is under load. For example, if a plank of wood is bent 
then a person could hear the fibres snapping. Composites act in this manner and 
during certification of the blade such noises are considered as indications of damage. It 
was natural then to develop this into a system that can pinpoint the location of the 
damage by installing a suitable sensor and logging system. Such sensors are known 
as acoustic emissions (AE) sensors and are able to physically listen for the sound 
emissions. Typically, the level of sound heard (amplitude and frequency) is transmitted 
back to the logging software for analysis at a later point. One of the more popular 
companies that provide such sensors is known Physical Acoustics Corporation [75], 
which can produce sensors as light as 8 grams.  
These sensors have a background in seismic metrology and work has been performed 
on civil structures such as concrete bridges, [76, 77]. This work has shown, using 
analysis principles similar to seismic analysis, that for concrete structures the amplitude 
and occurrence of emission is symbolic of the type of failure occurring, where many 
signals of low amplitude would represent a micro-crack, whereas high amplitude for a 
fewer number of signals would represent a macro-crack, [77]. It can be easily imagined 
how one could go from a laboratory test to actual implementation of these sensors on a 
static structure such as a bridge However, using them on moving structures where they 
will affect the aerodynamics and inertial responses requires some more work. To 
smooth this integration, use of embedded or film sensors should be considered. These 
are generally more expensive than what have been previously used for laboratory 
tests. One of the more promising types of sensors is the Micro Electro-Mechanical 
Systems (MEMS) type, which uses accelerometer principles coupled with emissions 
capture. This is being developed for embedding into aeroplane wings, [78, 79].  
With all this calibre, it is unsurprising that these types of sensors are being developed 
for use on wind turbine blades. Current experimentation is mainly concerned with the 
sensitivity and feasibility of the system and is some way from producing a working 
prototype. For example, Sandia National Laboratory Wind Energy Technology 
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department ran a field test of their system. This involved attaching the sensors onto the 
blade via tape, [80]. This group (in collaboration with the Rutherford Appleton 
Laboratory - RAL) have developed an interesting method of utilising the acoustic 
emissions, which will allow indication of the location of damage by using a matrix of 
sensors on the blade. By using an isolated sensor, an emission occurring in the blade 
could be detected as damage. Its location could be estimated using the signal 
amplitude as an indication of the distance of failure point from the sensor, where the 
attenuation of the signal is indicative of the distance travelled. This requires the use of 
an average value for the amplitude of sound emission due to failure, which is an 
unsuitable value to use since the amplitude will depend on the type and severity of the 
damage. 
 
Figure 2.16: Sketch of blade and AE sensor positioning, [81].  
The alternative that Sandia Labs and RAL used was the concept of a matrix of sensors. 
This allowed the system to be split into sets of polygons with nodal points as the 
position of the sensor, as shown in Figure 2.16. When a damage event occurred inside 
the polygon, all nodal sensors of that polygon should register a signal within a certain 
sampling time period. When this occurred, it was recorded as an event and thus the 
build up of events resulted in a map of potential hot-spots of the blade, assuming that 
the level of AE increased in regions of damage, [81]. This assumption can be 
substantiated by considering the results of various full blade and coupon experiments, 
[81-85]. The most common damage quantification indicated by this literature was the 
method to count cumulative AE events.   
One potential pitfall of this method is that it is more suited to static events of high load 
rather than dynamic testing. For example, during the certification process the blade is 
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usually run to the design load that represents the 1 in 50 year gust, which would 
naturally have some audible sound emission. However, the two main issues with 
fatigue testing is that there will be some degree of non-critical AE activity which will 
detract from the important information, and recording all of the vast amount of data is 
not feasible and so some important information may be lost. Filtering can be applied to 
improve matters, however, it would need refining before it can be implemented, [83]. 
On the other hand previous tests preformed statically also have some problems. One 
of these is that regions of criticality are only discernable at unrealistically high loads. 
Another is that the tests so far are using load-hold occurrences during the test, which is 
not representative of the stochastic nature of wind, [83, 86]. Certainly the results are 
promising, however there seems to be some important issues to be solved before a 
working prototype is available. The non-destructive evaluation technique known as 
thermography is discussed next. 
 
2.2.4 Thermography 
Thermography or thermal imaging is an optical based technique as a camera is 
required to produce results. However, special camera sensors are used to allow the 
camera to operate in the infrared range. These sensors allow images to show the 
various levels at which an object is radiating infrared signals, the level of the signal 
being dependent on the temperature via the black body radiation law [87]. A hot object 
against a cold background becomes clearly visible. The advantage of this system over 
DIC is that it can work in the dark without additional lighting and that any grime on the 
blade would likely have a reduced impact on the strain results, although icing may 
render the technique unworkable.  
In relation to the current project, the emphasis is on performing damage analysis by 
examining differential temperature. For example, in a boiler system if one of 10 pipes 
has an elevated temperature then thermography may indicate some problem with the 
single pipe. However, for an essentially cold body, such a method is difficult to 
implement (due to minute temperature differences). Instead groups have adopted a 
strain based method, i.e. a temperature change will cause an alteration in a specimen 
dimensions and hence induce a strain, [88]. For greater accuracy, a thermal diffusivity 
model can be used, which is perhaps better suited to the varying material properties of 
a composite structure, [89]. 
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Like acoustic emissions testing, Sandia Labs and RAL have used thermography on 
wind turbine blades in laboratory based tests, [90, 91]. One difficulty faced by these 
researchers was that the cameras were more suited to capturing images of small areas 
due to typically small detector arrays. This required that multiple images were captured 
for the area of interest, or that the camera moved along the surface so that it could 
scan an area. Another issue was that the level of thermal reflection from the laboratory 
building greatly affected the response recorded by the sensor. For example, placing a 
non-reflective black felt cloth behind the blade resulted in the sensor being more able 
to detect the minute changes in thermo-elastic stresses. However, this would not be 
feasible in practice. The problem is magnified when considering emissivity effects, for 
example, a black surface is non-reflective, but typically blades have a white coloured 
gel coating which would result in high levels of thermal reflection.  
Regardless of these problems, laboratory tests have been performed using these 
sensors. They have been successful in detecting regions of high stress, which were 
later corroborated as being regions with associated internal defects. Furthermore, the 
tests have been carried out under fatigue loading, for which acoustic emission testing 
has had difficulty. The reason for this was the thermography system can accumulate 
and average the images received, thus producing an average thermal image using high 
speed sensors. However, it is difficult to imagine this technique being successfully 
employed in an uncontrolled environment for a wind turbine blade and so far, there 
seems to be no literature suggesting this possibility.  
 
2.2.5 Frequency Shift 
All mechanical components are subject to some degree of vibration when excited. This 
principle can be utilised in the detection of damage within a certain component by 
measuring the level of vibration at various points along a component. For example, a 
long slender composite beam was tested for buckling failure [92], a mode of failure that 
is relevant to wind turbine blades. For this experiment the beam was set up in various 
states of buckling, and a piezo-electric transducer (PZT) induced vibrations on the 
beam. The response was measured by accelerometers at various points along the 
beam and the frequencies and mode shapes were obtained. This information could be 
used to remotely determine whether or not the component is suffering buckling. The 
issues of this technique when considering the applicability to wind turbine condition 
monitoring are in determining how many gauges are cost effective, as well as the PZT 
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and accelerometers potentially attracting lightning 
In a similar fashion, the use of Lamb waves has gained popularity as a means of 
damage detection for composite materials and large structures. It is seen as an 
alternative method to ultrasound scanning, as large areas can be assessed from 
remote position, whereas ultrasound requires that the scanner is passed over the 
regions of interest, producing a C-scan. The difference with this method as compared 
to frequency shift is that the output waves travel along the plate like structure in the 
plane of the plate [93]. The waves induce stresses through the thickness of the material 
and thus the signal carries information of any sub-surface defect, which could be 
received by either an additional sensor remotely positioned or as an echo by the output 
transducer, [94].  
A major issue that arises with Lamb waves is that it is difficult to identify a pure mode to 
perform analysis with, where dispersion will not occur. A dispersive Lamb wave emitted 
in a broadband pulse will result in a shift in the pulse shape as the wave travels along 
the specimen, resulting in near incomprehensible results, [94]. Therefore, it is often 
desirable to excite a single mode in the specimen and it is usual for laboratory tests to 
be based on specimens with a constant cross-sectional area, which has a limited 
application for the rather complex geometry of a wind turbine blade. In addition, the 
signal frequency must be selected such that it is non-dispersive for that material and 
cross-section, which will be difficult to employ for large wind turbine blades, where the 
standard of quality control means that the cross-section will have variance. Yet, it 
appears that the method is sensitive to typical composite panel defects, although it is 
less sensitive than ultrasound monitoring, [94, 95]. Indeed it seems that work will 
continue in this field, with a paper showing an analytical simulation of lamb wave 
detection for a composite plate with a bonded repair [96]. 
Another technique combined the principle of DIC with vibration monitoring and has 
been proven on an operational wind turbine. The technique is known as PONTOS and 
was developed and applied to a wind turbine blade by GOM [97]. It relies on a stereo 
camera setup to triangulate the coordinates of point markers fixed to a moving target. 
The high speed cameras captured the variation of these coordinates at a frequency of 
100 Hz. These highly reflective markers were illuminated using a triggered high 
intensity light source and the cameras were spaced 20 m apart to ensure a sufficient 
field of view, with a calibration process needed. The wind turbine brakes were applied 
and the resultant blade vibrations were measured, where anomalous variations in the 
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vibration response will indicate the presence of damage or other problems in the blade. 
Considering the in service application of this, it is unlikely that very detailed information 
could be extracted given the field of view that was examined. It is also difficult to image 
that a calibration of the stereo cameras would be possible offshore for either cost or 
practicality reasons.  
Overall, this technique has a high calibre of testing results, as well as onsite results, 
and has potential for use in blades, although like all techniques presented, a number of 
difficulties are apparent restricting the techniques to being works in progress.  
 
2.3 Summary 
Presented first in this chapter was an overview of the conditions that a wind turbine 
blade will endure whilst in service. The loading is complex and the stochastic nature of 
the oncoming wind profile has meant that engineers rely upon statistical methods to 
estimate the loading conditions. The design parameter for high static winds is known as 
the 50-year gust event. This is one of the major events that designers try to engineer 
against. Full blade tests have experimentally proved the existence of nonlinearities 
occurring in the blade, and it has been shown that both the Brazier effect and 
longitudinal buckling are important factors to consider when a high flap-wise load is 
applied.  
This type of loading regime will influence the material behaviour of the lightweight 
material used, which includes glass fibre laminates, foam core sandwich material and 
polymer based adhesives. Additionally, the geometry of the blade will influence the 
behaviour of the material under the high flap-wise loading levels. Specific failure modes 
have been observed in the load bearing box girder, including skin debonding and 
delamination crack growth in the laminate. These are some of the potential reasons 
that blades fail randomly in their lifetime, which was demonstrated in the reliability 
overview. 
To protect the blade integrity, the use of condition based monitoring has been 
suggested. To address this, some potential technology was considered for suitability. 
Although many types of technology have been trialled on full blades, coupon 
specimens, or laboratory based blade material, there seems little supporting evidence 
that, in its current form, specific damage can be identified when the sensor is applied to 
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such a large structure, if at all it is possible. This leads the author to believe that a 
combination of techniques would be a viable means to understand the damage in a 
particular blade. For example, the acoustic emissions technique could be implemented 
across the entire blade, resulting in an indication of damage. Although this technique 
could very well identify the location of damage, the quantification of it would be more 
difficult. Therefore, once the rough location of damage was identified the use of a 
technique such as DIC could giver a clear indication of the precise nature and location 
of the damage. For internal damage, the use of embedded optic fibres would remove 
the need for maintenance workers to be on-site whilst measurements are taken and 
could give a clear indication of the blade condition whilst in operation. 
This concludes the literature review for this research. Described next are the 
experimental methods utilised to explore some of these issues further. In particular, the 
nonlinearities induced by the Brazier effect are investigated further, as it was identified 
as a major issue for wind turbine blade loading.  
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3 Experimental Methods 
3.1 Introduction 
Based upon the research conducted by Risø-DTU, it was decided that an 
understanding of the material behaviour under non-liner deformation due to high static 
loads was required. The full blade test results showed that the crushing pressure 
resulting from the Brazier effect had a key impact on the blade failure and it was this 
type of deformation that was studied further for this research. Rather than use the full 
blade test results, it was decided to perform smaller scale representative laboratory 
experiments with a higher level of instrumentation to provide a better insight into the 
non-liner deformation. Small specimens, either extracted from a box girder or 
manufactured to represent real blades, were tested.  
This chapter details the experimental methods that were employed for this research. 
Discussed first are the common methods that were used across a range of different 
experiments. The actual experiments are then described in terms of the specimens 
tested and the methods used to test them. The parts tested included a cross-section of 
a complete box girder, sandwich web columns from the box girder and layered 
composite cap specimens. Following on from this, the brief results from preliminary 
experiments are presented. 
 
3.2 Common Testing Elements 
This section describes the common pieces of equipment used for the specimen testing. 
They will be referred to later in this chapter, as well as throughout the rest of this thesis. 
3.2.1 Data Acquisition Unit 
A data acquisition unit (DAQ) was used in preference to logging systems that were 
encompassed in the testing machine itself. The unit used was called NI USB-6009 [98], 
and was essentially a box that converted voltages into data signals that were 
transmitted to a laptop via a USB cable. The software needed to interpret the signals 
was called LabView, also supplied by National Instruments [99]. The typical data that 
was recorded was the load and crosshead displacement, both of which were obtained 
from the test machine controlling unit. As all machines used had been calibrated by a 
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technician, the data recorded was trusted as accurate. The main source of error would 
be loss due to poor cable connections to the analogue inputs. To mitigate this, custom 
cables were manufactured to reduce the number of connections needed between the 
controller and the DAQ. The accuracy range for a typical setup was determined to be 
±1 mm for crosshead displacement and ±55 N for the load. For some test machines, a 
displacement ramp had to be created in the LabView software and exported to the 
machine controller via an analogue output on the DAQ. These processes are shown in 
a block diagram in Figure 3.1. 
N
I U
S
B
-6
00
9 
Control 
Load 
Displacement 
Te
st
 M
ac
hi
ne
 c
on
tro
lle
r 
USB cable 
Laptop 
 
Figure 3.1: Typical use of NI DAQ. 
 
3.2.2 Strain Gauge 
The use of general purpose linear foil strain gauges was made for a multitude of tests, 
primarily to verify the results produced by the DIC technique. The 120 Ω gauges 
purchased were manufactured by Vishay and had the following product identifier EA-
06-120LZ-120/E [100]. They were adhered to the glass fibre surfaces using M-Bond 
200 adhesive, also supplied by Vishay. The gauges were wired into a Vishay P3 Strain 
Indicator and Recorder, which had the ability to automate the recording of micro-strain 
values of up to four bridges at a frequency of 1 Hz [101]. 
 
3.2.3 Digital Image Correlation 
DIC was used as a means to efficiently gather a depiction of the deforming specimen 
surfaces. This section details the techniques used when conducting DIC on the various 
specimen tests described later in this chapter. 
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.2.3.1 GOM Cameras 
Available to the author was a DIC system called ARAMIS supplied by GOM [55]. The 
software version used was 5.4.1. More important was the hardware version, which was 
ARAMIS 1.3 M, which used 1.3 Megapixel images (1280 x 1024 pixels), captured by up 
to two cameras with a maximum frequency of 1 Hz. The quoted strain measuring range 
was 0.05 % upwards, with a quoted strain accuracy of 0.02 %. The lenses used with 
the system were a 135 mm, 50 mm macro and a 12 mm, all of which were telecentric. 
For 3D DIC, two cameras were required to capture stereo images. For this, pairs of 50 
mm and 12 mm lenses were available. 
The imaging unit was a CCD chip sensor capable of recording images in 8-bit 
greyscale. When used, it was connected directly into the PC and was fully controlled by 
the software, which allowed either manual or automated control (via a timer). The 
equipment required to link the load and stroke data to the images taken was not 
available and post experiment linking was required, although this was accomplished 
without great difficulty for the test speeds used. Overall the researcher was satisfied 
with the system, but the low image resolution required either a smaller area of capture 
or the loss of detail. To reduce this impact it was hoped that use of higher resolution 
DSLR cameras could be made, although that was a non-standard solution. The use of 
these cameras will be described next. 
.2.3.2 DSLR Camera(s) 
Digital single lens reflex (DSLR) cameras with the ability to be fully controlled via a 
laptop were procured, namely the Canon EOS 400D was selected [102]. This camera 
had a 10.1 Megapixel (3888 x 2592) maximum resolution with a wide range of shutter 
speed and aperture settings. The cost of the unit was approximately £400 when new, 
with additional costs for lenses, which were interchangeable. The lenses used included 
a Canon 50 mm lens and a Tamron 90 mm macro lens, both of which were purchased 
in pairs, and thus could be used for 3D DIC. The cost for the 50 mm lens was £240 and 
the 90 mm macro lens cost £315, both of which were highly accurate, as discussed in 
section 3.6.2.  
Other parts that were purchased were remote controls, to avoid jogging the camera, 
and damped tripods to reduce camera vibrations whilst capturing images. For single 
camera capture, a laptop was used to capture at a frequency of 0.2 Hz, which was the 
maximum automated frequency for the camera. When dual capture was required for 
3D work, the cameras were simultaneously sent a trigger signal via their remote control 
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port. This was achieved by use of the NI DAQ (section 3.2.1), where software was 
written to output a voltage jump at a pre-programmed frequency. The camera captured 
an image when the voltage across the switching pins dropped from 3.3 V to 0 V, with a 
trigger time of 15 ms and a maximum lag of 116 ms [103]. To ensure the cameras 
captured simultaneously, the voltage output was from a single source, and then split to 
the two cameras, with care taken to ensure the custom cable was the same length. 
This way, the average difference between image timings was 15 ms based on the 
experiments performed in [103], which was not significant for the chosen test speeds.  
The RAW format images captured would be stored on the laptop, if using a laptop to 
control the camera, or on the camera compact flash card. Once the images were 
extracted they had to first be converted into TIFF using the Canon Photo Professional 
software [104]. After this, they were batch converted into 8-bit greyscale using Adobe 
Photoshop CS3 [105], and then the images were imported into the ARAMIS software 
and the results obtained. This was a time consuming process and it was not known 
how much noise was introduced during these procedures. However, a comparison of 
the overall accuracy of a telecentric system to this one is shown in section 3.6.2.3. The 
other main disadvantage was that a live view was not easy to obtain from the cameras 
when focussing, so 3D calibration with the cameras was a long and cumbersome 
process. Additionally, the ARAMIS software version could not compute two 10.1 
megapixel images when solving a 3D project, so for 3D capture the images were taken 
with a 5.2 Megapixel resolution (2816 x 1880). Nonetheless, this was a five times 
greater resolution as compared to the ARAMIS supplied equipment. 
3.2.3.3 Speckle Application 
As mentioned previously, the DIC technique worked well when there was an applied 
high contrast stochastic pattern. For this research, a white pattern was applied to black 
background using paint sprayed into the surface. In order to make efficient use of the 
differing specimens it was necessary to tailor the speckle application. For example, a 
finer pattern was required for images that captured a smaller physical area to ensure 
higher detail was obtained. However, there was a risk that the fine pattern would not be 
discernable if a larger area was captured.  
To formulate differing pattern coarseness, different spraying techniques were used. 
The coarsest pattern was obtained using an acetone matt spray paint can, which was 
controlled manually via the nozzle. This produced speckle dots of average diameter 0.6 
± 0.1 mm, and was referred to as “coarse”. The second technique made use of a 
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relatively cheap airbrush technique with water soluble matt paint. The paint was in a 
chamber and forced through a small orifice using a compressed air canister. The 
produced speckle had an average diameter of 0.46 ± 0.02 mm and was termed “fine” 
due to its reduced variance. A finer airbrush was also used that produced an average 
diameter of 0.16 ± 0.01 mm speckle dots, and was termed “superfine”. 
3.2.3.4 Data Evaluation 
To analyse the data, the strain values obtained from DIC could either be visually or 
numerically examined. The visual examination is achieved by a strain/displacement 
contour plot, as shown in Figure 3.2. In this image, (a) represents the strain contour 
overlaid onto the raw image, whereas (b) shows the strain contour from a different 
angle, thus showing the 3D nature of the result. In (b) three section lines are visible, 
and these have been manually added to the result. Along these lines, the strain can be 
evaluated and plotted on a chart, as shown in (c). These values can also be extracted 
and analysed outside of the software. All of these tools will be used in the presentation 
of the results for this thesis. 
 
 
Section lines on strain 
contour 
a 
b c
Figure 3.2: Example of DIC results: a) Strain overlaid onto raw image; b) Strain contour 
manipulated in 3D to highlight 3D deformation; c) Section line plot of strain results from b. 
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3.2.4 Acoustic Emissions Monitoring 
The AE monitoring system used for these experiments was a two channel hand held 
device developed by Physical Acoustics Ltd, [106]. The unit itself was able to process 
each signal with a 16 bit A/D convertor and signals could be recorded at frequencies up 
to 10 MHz. The R15α sensors were also from Physical Acoustics Ltd, which were 
general purpose lightweight sensor with a resonant frequency of 150 kHz. For the 
results presented in this thesis, the two sensors were setup to allow estimation of the 
1D location of damage, which required separating the two sensors on the same plane 
of a specimen. For example, the sensors were placed on the same skin of a sandwich 
specimen, at a distance of 200 mm apart. Within this 200 mm distance, any event that 
was detected by both sensors within the same 100 µs period was recorded as an 
event. The distance was estimated using the time difference between recorded signals, 
the speed of sound in the medium and the distance between the sensors as reference 
values. Additionally, the unit would ensure the signals were roughly similar by 
comparing signal parameters such as the number of counts, amplitude and duration of 
the signal between the two received signals, as occasionally two separate events 
would be recorded by the two sensors. Once the test finished, the AE system would be 
paused, the data would be recorded and the results would be visible on the unit itself. 
However, the data was also extracted into a spreadsheet using the Physical Acoustics 
AEWin software [107], and was processed at a later time. 
This concludes the description of common testing methods used, and a more detailed 
discussion of the individual tests performed is presented next, starting with the box 
girder cross-section. 
 
3.3 Box Girder Cross-Section Experiment 
3.3.1 Specimen Details 
Due to scarcity of such large specimens, a single box girder section was available for 
experimentation. The test was designed to emulate Braziers “crushing pressure” in 
isolation and a three-point testing arrangement was deemed satisfactory. This was 
based upon research performed at Risø-DTU by Branner [18] and Jensen [4]. The 
specimen tested was extracted from a full turbine blade that had undergone a static 
overload test as part of an study examining the overall non-linear effects of such loads 
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on the blade geometry [4]. The specimen was removed from the part of the blade that 
was not so seriously affected, at a distance 11.5 m from the root of the blade.  
  
Suction Side Cap 
Figure 3.3: Image of test specimen with dimensions. 
The dimensions of the box girder section specimen are given in Figure 3.3, and the 
description of the different subcomponents, in reference to the complete wind turbine 
blade, is given by Figure 3.4. Note that the suction side (SS) and pressure side (PS) 
make reference to which side the wind blows from, whereas the leading edge and 
trailing edge make reference to the side that points into the oncoming wind.  
The caps contain layers of glass fibre composite material that had been infused with 
Epoxy resin. There are three UD layers for every biaxial layer, where the UD layers are 
aligned 0o to the blade length direction and the biaxial layers are aligned at ± 45o to the 
blade length direction, as shown in Figure 3.5. The webs are more complicated in 
design, where there is foam, layered glass fibre and a joint. The foam acted to separate 
two skins of biaxial glass fibre. The foam was 9 mm in thickness and there were 5 
biaxial layers on the inner skin and 4 layers of biaxial glass on the outer skin. The layer 
alignment in the skin was at ± 45o to the blade length direction. The joints are present 
since the box girder was manufactured in two halves and then adhered together. The 
web sections had glued connection reinforcements at the joints, as part of the research 
of Jensen [4]. The testing arrangement employed will be discussed next.  
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 Glued 
connections 
Figure 3.4: Schematic of test specimen, with reference to complete blade [43].  
 
Blade length 
direction 
0o 
Figure 3.5: Flange panel layer arrangement [108].  
3.3.2 Test Method 
Testing of the box girder section specimen commenced using a constant displacement 
rate applied to a three-point loading arrangement. The striker was located centrally 
between the span of the outer rollers, which were spaced 500 mm apart. The striker 
was in contact with the tension side cap, whereas the compression side cap was in 
contact with the outer rollers, an arrangement chosen for convenience of testing. The 
striker was displaced downward at a rate of 0.14 mm s-1 whilst the outer rollers 
remained stationary. This arrangement is shown more clearly in Figure 3.6. The load 
cell was attached to the displacing crosshead and the load and displacement data was 
output via the NI DAQ to a laptop at a rate of 5 Hz. The displacement ramp was 
controlled via LabView software, feeding in a voltage signal to the machine through the 
NI DAQ, details of which are covered in section 3.2.1. A Mayes 250 kN testing machine 
was used as it allowed sufficient access for the camera setup. The load range was set 
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as ± 50 kN, whereas the displacement range was set as ± 100 mm. 
 
Upper Crosshead displaces 
downward at a rate of 0.14 m s-1 
Tension Side Cap 
100 mm 
diameter rollers 
Roller Span: 500 mm
Figure 3.6: Schematic of testing arrangement for box girder section specimen (not to scale). 
To gain a detailed overview of the specimen deformation, DIC was conducted on the 
specimen using three sets of DIC cameras, two of which were capturing in 3D. One of 
the 3D camera sets was the GOM supplied cameras with 12 mm lenses, whereas the 
other was the DSLR cameras with 50 mm lenses. Each of these two sets were used to 
capture images of the inside and outside deformation of a web, where the GOM 
cameras were capturing images of the leading edge (LE) web at a frequency of 0.1 Hz 
and the DSLR cameras were capturing images of the trailing edge (TE) web at a 
frequency of 0.08 Hz. A coarse speckle pattern was applied to this large specimen. The 
inside and outside were able to be captured using the same camera set by first 
focussing cameras on the inner skin and then using a front surface mirror carefully 
positioned to reflect the back surface into camera image. The inner and outer surfaces 
were processed in separate ARAMIS projects as they had no common points. The third 
camera set was a single video camera that recorded images of the overall cross-
section deformation at a rate of 5 frames per second. Unfortunately there was a large 
amount of shadowing caused by the multiple floodlights used as well as the mirrors. 
The overall image was poor. Additionally the 800 x 600 resolution captured was 
insufficient to produce a useful strain result and thus the result was used qualitatively. 
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Figure 3.7: Top view of camera setup with example images extracted from the video camera 
and the DSLR cameras.  
 
3.4 Sandwich Web Experiments 
There was no simple way to test complete sandwich webs with the limited specimens 
available. Therefore, the webs were tested as sandwich material alone. This would 
help understand the general deformation observed in this type of material, rather than a 
specific type of web design. This section has been split between the two types of 
experiments carried out, namely four-point flexure and end loaded column buckling 
experiments.  
 
3.4.1 Four-Point Tests 
3.4.1.1 Specimen Details 
The specimens for these tests were extracted from a full wind turbine blade that had 
been tested as part of the full blade deformation research conducted by Jensen [4]. 
The specimens did not contain significant damage. The specimens were removed from 
three different sections of the blade and have three different geometries, where the 
core thickness and number of skin layers (and thus skin thickness) varied. These 
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geometries will be provided, but not the locations from which the specimens were 
extracted, as this is proprietary information held by SSP Technology A/S. A schematic 
of the three cross-sections is provided in Figure 3.8, which allows an easy visualisation 
of the difference between the specimen types. The specimens have been named 
according to first their test method (FP = four-point), then the core-to-skin thickness 
ratio (as percentage) and finally the state of damage (P represents 
perfect/undamaged). This labelling is for consistency with section 3.4.2. Table 3.1 gives 
the core and skin thicknesses. 
 
Figure 3.8: Sandwich panel loading configuration and cross-section dimensions of three 
specimen types. 
 
Table 3.1: Four-point specimen names and geometries. 
Symbol Core Thickness (mm) 
Skin Thickness 
(mm) 
FP_22.2_P 9 2 
FP_5.3_P 19 1 
FP_6.7_P 30 2 
 
3.4.1.2 Test Method 
The four-point flexure loading configuration and specimen geometries were compliant 
with the standard test method ASTM C393 [109]. The loading configuration is given in 
Figure 3.9, where 20 mm diameter steel rollers were the final loading arrangement 
used after trialling other methods. All tests were conducted at a constant crosshead 
displacement rate of 0.33 mm s-1, with the outer span rollers attached to the moving 
crosshead.  
The experiment was performed with a Mayes 250 kN testing machine, which also 
logged the load and displacement data. This data was later linked to the DIC images 
captured by a single DSLR camera with a 50 mm lens. A coarse speckle pattern was 
2 mm faces 
FP_22.2_P 
13 mm 1 mm faces 
21 mm 2 mm faces 
FP_6.7_P FP_5.3_P 
34 mm
Specimen 
cross-sections 
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applied to these specimens. The reason for selecting such a large testing machine was 
that it allowed sufficient physical space to view the entire length of the specimen as it 
deformed with a digital camera. Measurements of load and displacement were made 
every second, along with readings of strain from strain gauges whereas DIC images 
were captured at frequency of 0.2 Hz. 
100 mm Width = 50 mm 
Roller diameter = 20 mm 
300 mm
400 mm  
Figure 3.9: Loading arrangement for four-point flexure experiments. 
 
3.4.2 End compression Tests 
End compression tests were used as a means to better emulate the uncontrolled 
buckling observed in the webs. Complete sandwich columns were tested under end 
loaded compression, and these specimens were self manufactured. This allowed a 
more general view of the non-linear deformation of sandwich material. Finally, to make 
a thorough comparison, specimens with differing geometries and levels of pre-damage 
were manufactured, as discussed next. 
3.4.2.1 Manufacturing Method 
To ensure relevant experimentation, sandwich specimens were manufactured with 
applicable geometries and materials, using the dry fibre infusion technique known as 
RIFT [110]. The exact process used for this research is detailed in Appendix B, with a 
brief description given here. The process first requires laying up the composite material 
and for sandwich material the dry glass fibre mats sandwich the dry foam core. Peel 
plies are placed around this arrangement to ensure smooth surfaces and proper de-
mould, then a vacuum bag and seal was placed around the arrangement. Inlet and 
outlet pipes were installed into the setup (with the two required to be at opposite ends). 
A vacuum was attached to the outlet, which drew the adhesive through the inlet, 
infusing the sandwich material as it transported. As the foam was non-porous it did not 
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absorb the adhesive, but the bond between the skin and the foam was created. 
The infusion system used was epoxy based and called Prime 20 LV, using a slow 
hardener, both of which was procured from SP Gurit [111]. The glass fibre was also 
purchased from SP Gurit and was a stitched biaxial mat, with two fibre layers aligned at 
± 45o to the specimen length, loosely stitched together. The closed cell foam used was 
made from PVC and is called Airex C71 [112]. Once the panels were manufactured, 
they were cut to size using a diamond edged wet tile saw that provided a sufficiently 
smooth surface. Aluminium end tabs were attached to the gripping contact points for 
these experiments by first grit blasting both tab and specimen, and then using epoxy 
adherent to attach the two under roughly 50 N of load. These tabs ran the width of the 
specimen. These various specimen details are shown in Figure 3.10. 
 
Figure 3.10: Specimen geometry and make up for end column tests. 
As the blade contained sandwich material of differing skin thickness, it was decided to 
include three different geometries into the study. This was achieved by keeping the 
foam thickness constant whilst altering the weight of skin material used, where the 
three weights used were 300, 600 and 900 g m-2. To maintain a consistent number of 
layer interfaces, four biaxial layers were used for each skin. Thus, the overall skin to 
core thickness ratio varied between the grades. As an additional study, pre-defects 
were incorporated into specimen during manufacturing using 20 µm thick PTFE sheet. 
A 
A’
Foam Thickness: 
20 mm 
65 mm 
End tab 
Pre-defect length
400 mm 
Skin 
Top View 
Side View 
200 mm 50 mm
Four biaxial GFRP 
layers for each skin 
Disbond between 
skin and core  
Delamination between 
skin symmetry line  
Cross-section at AA’ 
 80 
The defect types included a disbond, where the tape was placed in between the core 
and the skin, and two sizes of delamination, where the tape was placed between the 
symmetrical centreline of a skin. In all cases the pre-defect was in only one skin and 
ran the width of the specimen. The defect position can be pictured by considering 
Figure 3.10.  
Table 3.2: List of sandwich specimens tested. 
Glass Fibre 
Grade Identifier 
Core Thickness 
(mm) 
Skin Thickness 
(mm) 
B_2.6_P 20 0.53 ± 0.07 
B_2.6_DB 20 0.48 ± 0.07 
B_2.6_D30 20 0.52 ± 0.07 
300 g m-2 
B_2.6_D63 20 0.55 ± 0.07 
B_6.2_P 20 1.27 ± 0.03 
B_6.2_DB 20 1.25 ± 0.05 
B_6.2_D30 20 1.25 ± 0.03 
600 g m-2 
B_6.2_D63 20 1.24 ± 0.02 
B_11.3_P 20 2.27 ± 0.02 
B_11.3_DB 20 2.26 ± 0.05 
B_14.2_D30 20 2.90 ± 0.08 
900 g m-2 
B_14.2_D63 20 2.78 ± 0.11 
Table 3.3: Types and description of incorporated defects in buckling specimens. 
Symbol Description 
P Perfect – no defect 
DB 49 mm wide disbond between single skin and core, at centre of specimen 
D30 30 mm wide delamination in centre of specimen between middle two plies 
of a single skin 
D63 63 mm wide delamination in centre of specimen between middle two plies 
of a single skin 
A list of the different specimen geometries is given in Table 3.2. The specimen naming 
again indicates the geometrical and testing parameters, i.e. the first part represents the 
type of testing (B is for buckling), the second part represents the average skin to core 
thickness ratio as a percentage and the third part represents the type of incorporated 
defect in the specimen, as given by Table 3.3. Note that the manufactured specimens 
generally had a constant skin thickness per grade of glass fibre used. The only 
difference arose with the 900 g m-2 grade, where the specimens with delaminations had 
thicker skins than the disbond and perfect specimens. This was most likely due to the 
adhesive gelling prior to complete infusion (i.e. the viscosity was steadily rising prior to 
complete infusion resulting in extra adhesive in the skin). This effect is shown in Figure 
3.11 by comparing coupons of specimens B_11.3_P and B_14.2_D63, and it is clear 
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that B_14.2_D63 has both a thicker core/skin bond line and inter-laminar bond line. 
These images have been used to digitally quantify the differences in the bond lines, as 
presented in Table 3.4. Overall this table shows that both the core-to-skin and 
interlaminar bond line thicknesses increased by roughly 175% for B_14.2_D63, as 
compared to a 12% increase for the ply thickness. These increases are likely to have 
had an affect on the testing results, so the results for the 900 g m-2 will be presented 
with the appropriate skin-to-core thickness ratio. 
                 Foam
Skin/core 
bond line 
Inter-laminar 
bond line 
Figure 3.11: Microscopic images of specimens a) B_11.3_P and b) B_14.2_D63. 
Table 3.4: Bond line thickness comparison for 900 g m-2 sandwich panels. 
 Skin/Core bond line (mm) 
Interlaminar bond line 
(mm) 
Ply thickness 
(mm) 
B_11.3_P 0.018 0.100 0.294 
B_14.2_D63 0.049 0.281 0.332 
 
3.4.2.2 Test Method 
The end column loading experiment was designed around the standard test method 
ASTM C364 [113], which provided compressive strength data by reducing the 
propensity of a specimen to buckle. Instead, the gauge length was increased to 
encourage buckling. A fixed-fixed condition was achieved by using wedge grips and 
end plates ensured end loading. A constant displacement rate of 0.1 mm s-1 was used 
on a Mayes testing machine, which used the upper head to both control the 
displacement and measure load with a 250 kN load cell. The load range used was ± 50 
kN and the displacement range measured was ± 25 mm. The displacement ramp was 
controlled via the analogue output of a NI USB DAQ that ran a voltage script 
programmed using NI LabView, which also recorded the load and displacement 
readings, all of which at a frequency of 5 Hz. 3D DIC was conducted on these 
specimens using the GOM supplied cameras with 50 mm macro lenses, linked into the 
 82 
ARAMIS computer, so direct calibration could be performed. A fine speckle pattern was 
applied to these specimens. For all tests, the cameras focussed on the skin with the 
defect (for those specimens that had defects). For a selection of experiments AE 
sensors were also used to measure 1D location of damage occurring in the specimen. 
These sensors were usually placed upon the skin that had a pre-defect, although this 
defect did not always influence the deformation of the specimen. These aspects are 
shown in Figure 3.12. The cap experiments are discussed next. 
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Figure 3.12: Loading arrangement for sandwich compression testing, with NDE sensors. 
 
3.5 Cap Experiments 
To understand the non-linear deformation of the cap it was necessary to test the 
material under flexure, hence simulating the Brazier crushing pressure. The specimen 
details are provided first, followed by the test method used on them. 
3.5.1 Specimen Details 
The design of the cap matches closely to the airfoil design and is a non-symmetric and 
complex shape. Furthermore, the specimen is a particularly thick composite part and 
for these reasons, it was not deemed feasible to manufacture similar specimens. 
Instead, the specimens were obtained from a full blade test that formed part of the 
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research by Jensen at Risø-DTU [4]. These cap specimens were not part of the 
damaged region of the blade, although there was some damage associated with them. 
This is common to all large scale composite structures, such as delaminations, likely to 
have been introduced during the full blade test. As the damage was minor, it was 
deemed suitable to test as part of these experiments. 
The specimens were cut into strips 75 mm wide using a diamond edge band saw and 
from the region of blade they were extracted they were approximately 610 mm in 
length. They were wet polished with first ISO grade P60 and then P120 sand paper to 
remove cutting marks from the band saw. A typical specimen is shown in Figure 3.13, 
and the specimen layup is identical to that shown in Figure 3.5. 
 
33.3 mm 
Trailing 
edge 
Figure 3.13: Image of cap specimen. Caps were extracted from pressure side of box girder. 
Part of the research conducted by Dr Find Jensen of Risø National Laboratory involved 
the design of a number of reinforcements for the blade as a result of his full blade tests. 
One of these designs was termed the “wire” reinforcement, and involves placing 
reinforcement across the curve of the cap to restrict out-of-plane motion, therefore 
reducing the likelihood of excessive transverse strains that lead to delamination. His 
research provided a proof of concept of this idea by using steel wires attached through 
riveted holes in the cap. This however, is not practical for an operating blade.  
This research aimed to develop the proof of concept by using GFRP as the 
reinforcement material, which is more practical to implement into new blade 
manufacture. Essentially the concept of this experiment was to bridge the gap between 
the two tips of the cap specimen with a stiff load carrying member. Hence, GFRP 
layers were implemented in this position on a pre-existing cap specimen using the 
RIFT technique, as shown in Figure 3.14. Three layers of 90o UD NCF fibre were 
placed upon a thin metal place holder and across the ends of the specimen. The 
vacuum bag and sealant were carefully placed so that the resin would not infuse any of 
the remainder of the cap specimen. An elevated temperature post cure was achieved 
using a controlled thermal blanket and conductive foil. After the post cure, the metal 
 84 
place holder was bent and carefully slid out of position, resulting in the specimen as 
shown in Figure 3.15.  
 
Outlet 
pipe 
Inlet and outlet 
on underside 
of specimen 
Vacuum bag, peel ply 
and fibre mats on top 
of metal place holder 
Resin 
reservoir with 
inlet pipe Vacuum 
pump 
Cap specimen 
Extraction 
chamber with 
resin catch pot 
Figure 3.14: Manufacturing of “wire” reinforced specimen. 
 
GFRP “wire” reinforcement Fibre is attached to the 
ends of cap specimen 
Joint of GFRP “wire” onto cap 
Figure 3.15: Image of “wire” reinforced specimen post manufacture, with attached strain 
gauges.  
 
Figure 3.16: Modification of layup for “layup” reinforced cap. The image depicts inner most 
layers working outward, with the remainder of layers as per Figure 3.5. 
A simpler method of reinforcing the cap was to simply incorporate the extra 90o fibres 
into the layup. This method was also trialled by laying two extra 90o glass fibre mats 
onto an existing cap specimen. The whole specimen was then sealed in a vacuum bag 
and infused with the epoxy resin, with an elevated temperature post cure controlled by 
90o x2 
±45o 
0o x3 
Continues as 
per Figure 3.5 0o x3 
±45o 
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a thermal blanket. The “layup” modification is shown in Figure 3.16. The test method 
for the complete specimen set of cap specimens is described next. 
 
3.5.2 Test Method 
As the cap underwent flattening due to the Brazier effect, flexure was deemed as a 
suitable test method, and to simplify the experiments three-point testing was 
conducted. A later development was to test the specimens using a custom rig that 
increased the surface area of contact as the experiment progressed, making a 
distributed load as the experiment commenced. These two loading geometries are 
shown in Figure 3.17, and the increasing distribution effect for the distributed loading 
rig is shown in Figure 3.18.  
   
250 mm 
Width = 75mm 
500 mm 
a b
Figure 3.17: Loading arrangement: a) three-point bending; b) distributed "pressure" type 
loading. 
 
0 mm Note that pin 
connection allows 
some in-plane 
rotation of rig 
Figure 3.18: Example of distributed loading. Inset reveals the full contact after 17.3 mm 
crosshead displacement. 
17.3 mm 
Test stopped due to high contact – 
stop rig from fracturing 
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Testing was conducted on a Mayes 250 kN screw driven testing machine, where the 
bottom head was displacing whilst the top head with the load cell remained static. The 
bottom head contained the outer rollers and a constant displacement rate of 0.4 mm s-1 
was chosen. The load cell was set to measure loads in the range ± 50 kN, and the 
range of motion of the displacing head was set to ± 50 mm. 
DIC was used to identify the surface strains of the cross-section of the cap specimens 
by capturing images at a period of 5 seconds using a single DSLR camera with a 90 
mm macro lens. A fine speckle pattern was applied to these specimens. The timing of 
the images was controlled via the NI USB 6009, using the analogue output produced 
from a custom LabView program. This simultaneously captured the machine load and 
stroke at a period of 200 ms, as described in section 3.2.1. The camera images were 
exported into ARAMIS to evaluate the 2D strain field. 3D strain was not evaluated as 
pre-tests indicated insignificant levels of out-of-plane motion. Care was taken to ensure 
the plane of the camera was aligned with the plane of the specimen cross-section and 
using a laser alignment tool the misalignment would have been in the range of ± 1o. As 
the aspect ratio of the specimen was high, some of the cap experiments had a second 
camera to capture more detailed data, where a patch of superfine speckle had been 
applied. This camera had to be offset from the plane of the cross-section to allow the 
first camera to capture the entire specimen in its images. The offset was approximately 
10o which meant that the resolved strains only allowed an impression of the surface 
behaviour of the specimen. The images taken with this DSLR camera were 
synchronised with the first camera using the NI DAQ. 
A list of specimens and the testing applied to them is given Table 3.5. The labels have 
been given to easily identify the parameters applied to each specimen, where the first 
C shows that it is a cap specimen, the second character shows what type of loading it 
was subject to: 3 is three-point and “D” is distributed. If a number is given after this, 
then it represents the displacement rate applied if not 0.4 mm s-1. This is because a 
small rate dependency study was performed. If “R” succeeds the loading arrangement 
identifier, this means the specimen was reinforced, where “W” represents the “wire” 
reinforcement and “L” represents the reinforcement being added to the existing layup. 
For clarity, only one instance of each specimen is shown, although repeat tests were 
made. Discussed next is the experimentation that was necessary prior to the specimen 
tests described. 
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Table 3.5: List of cap specimens test results referred to in this chapter. 
Specimen 
Identifier 
Width 
(mm) 
Loading 
Arrangement 
Outer Span 
(mm) 
Displacement 
Rate (mm / s) Reinforcement 
C_3_8.3 75 Three-Point 400 8.33 none 
C_3_0.83 75 Three-Point 400 0.83 none 
C_3_0.33 75 Three-Point 400 0.33 none 
C_3 75 Three-Point 500 0.4 none 
C_D 75 Distributed 500 0.4 none 
C_D_RW 75 Distributed 500 0.4 3 UD layers: “wire” 
C_D_RL 75 Distributed 500 0.4 2 UD layers: “layup” 
 
3.6 Preliminary Experiments 
3.6.1 Skin Modulus Testing 
Theoretical calculations were performed on the laboratory manufactured sandwich 
material, and the skin modulus value was required. To measure this the standard test 
method ASTM D3909 was used [114], which is essentially a tensile test method. Glass 
fibre material was manufactured using the RIFT technique using the same ± 45o 
orientation that was used for the sandwich skins. Specimens were cut to the required 
26 x 280 mm strips using a wet diamond saw. A layup up 8 layers of 600 g m-2 grade 
NCF glass fibre material produced a specimen thickness of 3.20 mm. Prime20 LV resin 
was used to replicate the resin used for the sandwich material. 
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Figure 3.19 Load vs. displacement graph of skin laminates. 
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The resulting load vs. displacement chart given by Figure 3.19 show that there was a 
high level of repeatability between the results. There is an apparent bi-linear region 
before the non-linear deformation dominates, a result of the scissoring effect of the 
biaxial fibre layup. This effect is so called due to the layers rotating relative to the 
loading plane, like scissors opening up. The measured modulus was 10.0 GPa, whilst 
the strength was measured as 142 MPa.  
 
3.6.2 Accuracy of DIC 
3.6.2.1 Accuracy of Strain Evaluation 
A method to assess the accuracy of the DIC technique was to compare DIC evaluated 
strain results with strain gauge evaluated strain results. To perform this comparison, a 
strain gauge was attached to the skin of a sandwich column placed under end 
compression, identical to the tests described in section 3.4.2. This skin was then 
sprayed with a fine speckle pattern and image stages were taken using two GOM 
cameras to evaluate the 3D deformation as the specimen was placed under load, 
where the camera position is shown in Figure 3.20a. The concept was that the 3D DIC 
strain information could be resolved across the actual strain gauge. This comparison of 
results is presented as a function of crosshead displacement in Figure 3.20b. 
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Figure 3.20: Comparison of strain gauge result to ARAMIS from buckling test: a) schematic of 
testing arrangement; b) microstrain comparison between strain gauge and ARAMIS strain. 
The result highlighted the accuracy of the DIC technique when dealing with high strain. 
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In terms of micro-strain, 98% of ARAMIS points are within ± 500 µstrain of the strain 
gauge result, 93% are within ± 400 µstrain, and 56% are within ± 200 µstrain. The 
possible reason for any differences here were due to errors in the 3D calibration, poor 
bonding of the gauge causing inaccuracies proportional to the strain level, or straining 
of the paint layer at the higher strain levels. The solution process itself should not have 
adversely affected the result as the facet size was selected to be approximately the 
size of the gauge, 1 mm. Nevertheless, this result shows that ARAMIS was able to 
produce reliable strain results across a large range of strain. 
3.6.2.2 Telecentricity 
One of the main issues with using a DSLR is that a telecentric lens is not usually 
available or affordable. The typical lenses that are sold for these cameras may be high 
in price, but are usually not designed for imaging experiments and the effects such as 
pin-cushioning and fisheye are induced. Such distortions in the images can lead to 
distortions in the measured strain values. The distortions became more prominent 
towards the edge of image and an experiment was conducted to quantify how much 
this edge distortion was in comparison to a GOM telecentric lens. 
The concept was to compare the curvature of the image at the edge to that in the 
centre. To measure the curvature, images were taken of a square grid and the grid 
lines would be digitally traced to measure the global co-ordinates. Examples of these 
grids are shown for an 18 mm wide angle lens and a 90 mm macro lens in Figure 3.21. 
An 18 mm wide angle lens was measured as it was well known that this lens produced 
a fisheye effect and would be a good control measurement. Note that that the curvature 
of the grid lines is visible to the eye for the 18 mm lens, whilst not being visible for the 
90 mm lens.  
 
Figure 3.21: Comparison of grid images between 18 mm wide angle lens and 90 mm macro 
lens. 
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Once the images had been taken, with care taken to ensure the grid filled the image 
area, the grid line co-ordinates were digitised using software called GetData Graph 
Digitizer [115]. Horizontal grid lines were selected at a physical distance of 20 mm from 
the image edge, as well as the image centre and likewise for vertical lines. Multiple 
points on this line were used to estimate the radius of curvature, as shown by the 
example in Figure 3.22. Here lines i and ii connect points 1 to 2 and 2 to 3 respectively, 
with equations given by (3.1). It was important to calculate the gradients of these two 
lines using equation (3.2). Then perpendicular bisectors are made from these two lines 
using the reciprocal of the gradients mi and mii. The equations of these two new lines 
are given by equations (3.3) and (3.4). These two lines meet at the centre of the circle, 
and the x co-ordinate of the centre can be calculated by equating equations (3.3) and 
(3.4), as shown in equation (3.5). This x value can be substituted back into equation 
(3.3) to obtain the y co-ordinate of the centre. It is a small task to then use one of the 
original points to work out the radius. To compare the results between camera lenses, 
the average radius of curvature of the outer grid lines is divided by the radius of the 
central line, as per equation (3.6).  
 
P2 
P3 P1 
iii
i'
ii'
Radius 
Centre of 
circle y 
x
Figure 3.22: Bisection of connecting lines method to estimate radius of curvature, adapted from 
[116]. 
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Where m is the slope, and x and y are coordinates. 
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Table 3.6: Average proportionality factor for various lenses. 
Lens Average Proportionality factor
18 mm wide angle 0.002
50 mm 0.294
90 mm macro 0.399
50 mm macro telecentric 0.501  
The average proportionality factors for the lenses tested are shown in Table 3.6. As 
expected it can be seen that the 18 mm lens is very poor when compared to the 90 mm 
and telecentric lens. A surprising result is that the telecentric lens did not produce a 
perfect result. The most probable reason for this was that the lens was designed to be 
fully telecentric when capturing images physically smaller than the sensor size 
(approximately 10 mm square). In physical terms, what was found was that the DIC 
facets at the image edges would be twice as optically deformed as those in the centre. 
When performing these calculations, it was understood that, for the telecentric lens, the 
centre of the image has a very small degree of optical deformation and the edges 
would likewise have a very small degree of optical deformation. As the 90 mm and 50 
mm DSLR lenses were on a similar scale as the telecentric lens, it was deemed that 
they were suitable for the experimentation performed with the wind turbine blade 
specimens.  
3.6.2.3 Lens Accuracy 
To test the optical accuracy of the DSLR lenses used for this experimentation, a test 
was developed. This involved taking a series of images of a calibration block with both 
the 50 mm and 90 mm macro lenses used with the DSLR. Additional images sets were 
captured using a relatively cheap 55 mm lens for comparison of results, as well as a 
telecentric lens system that was part of other research not related to this project [117]. 
The calibrated targets, developed by E.ON UK, were two blocks that each had two 
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Silicon Nitride spheres brazed onto an inconel plate [66]. When illuminated these two 
spheres had two bright spots located centrally, and these are used to identify the 
distance between the spheres, as shown in Figure 3.23 
 
Figure 3.23: Gauge blocks used to measure optical accuracy of lenses [117]. 
Although the DSLR camera used inferior quality lenses it also has a 10.1 Mega-pixel 
CMOS sensor, which meant that it might have been possible to obtain comparable 
accuracies. The method implemented was to capture six images of the two blocks 
simultaneously and then process them to evaluate the distance A and B, as per Figure 
3.23. The exact process of processing had been omitted here for conciseness, but can 
be found in [118]. More important was the method used to process these values of A 
and B and the result obtained from them. 
The ratio A/B was the calculated value, where the ratio has been calibrated as 
1.001405 ± 0.0000044 using an optical microscope. The average A/B ratio for the six 
images was calculated and was used to estimate the percentage error with the 
calibrated ratio, as per equation (3.7). The relative standard deviation of the image set 
captured by each lens using equation (3.8), where the standard deviation is calculated 
using the standard method shown in equation (3.9). 
 
[ ] [ ]
[ ]
/ /
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A B
−= ×   (3.7) 
Where subscript C represents the calibrated value, and I represents the image set 
taken. 
 
x
stDevrelative =_ stDev   (3.8) 
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1
x x
stDev
n
−= −
∑   (3.9) 
Where x is the data value, x  is the average of the data set, and n is the number of 
images in the data set. 
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Figure 3.24: Percentage error and relative standard deviation of different lenses.  
The results of the comparison are shown in Figure 3.24, which plots the percentage 
error alongside the relative standard deviation for the four types of lenses tested. It can 
be seen that all lenses were close to the calibrated value. However, the extra expense 
of a telecentric lens could be justified due to its near zero percentage error. 
Furthermore, it had the lowest relative standard deviation and will experience the 
lowest scatter in results. When the 50 mm and 90 mm are compared to the relatively 
cheap 55 mm lens, there is almost an order of magnitude improvement of accuracy 
and the relative standard deviation is roughly half. Hence, these two lenses are a good 
improvement upon cheaper lenses used with a DSLR camera. They are however an 
order of magnitude less accurate than a telecentric lens.  
When considering the result in real terms, a percentage error of x % meant that over 
roughly 25 % of the image plane it was expected to see a difference of up to x % 
between what was truly occurring and what was captured in the image. The 25 % 
factor is present because the images were taken such that the distance between target 
spheres was roughly 25 % of the lengthwise direction of the total image. Hence, for an 
image analysed with DIC, an expected error of up to 0.05 % in pixel co-ordinates would 
exist across 25 % of the image, for the 50 mm and 90 mm lenses. Yet, the quoted 
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accuracy for the ARAMIS system for a single facet was 0.02 % and the optical error 
associated with the 50 mm and 90 mm lenses was deemed insignificant. These lenses 
were used with confidence.  
3.7 Summary 
The literature review has shown that there is a knowledge gap for the materials 
deformation when a full blade is subject to excessive static loads. This research aimed 
to address the lack of detailed knowledge concerning the non-linear deformation of the 
constituent parts of a box girder during the full blade bending induced Brazier effect. 
This crushing pressure type load had been shown to cause premature blade failure and 
the test methods used in this research aimed to emulate this pressure type load.  
This chapter has highlighted in detail which experimental methods and specimen types 
were used for this research. Described first were the common testing methods, 
including DIC and AE. This was followed by detailed descriptions of the three point 
testing performed on a box girder section, the four-point and end loaded compression 
experiments performed on sandwich material that represented the shear webs, and 
three-point and distributed loading of the box girder caps. Also described were the 
manufacturing methods used to develop pre-defected sandwich material to assess the 
implication of having pre-damage in the material, and the reinforcement of the cap 
specimens to find ways to reduce the implications of pressure type loading. Following 
this, the experimental methods and results of preliminary tests were presented. This 
included materials data tests for the manufactured specimens, and checks upon the 
accuracy of the DIC technique.  
This summary concludes the experimental methods chapter. Following on from this is a 
presentation of the results of the various specimens testing, starting with the box girder 
section, then the sandwich specimens and finally the cap specimens. Each of these 
three specimen types is split into a separate chapter for clarity.  
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4 Non-linear Deformation of a Box Girder Section 
4.1 Introduction 
This chapter presents the results from testing of a section of a real wind turbine box 
girder under three point loading to better understand the material response to the 
Braziers loading.  
4.1.1 Review of Testing Method 
As detailed in section 3.3 the box-girder section measures 100 mm in width and is 
roughly 600 mm square. The test was conducted under three-point flexure to simply 
represent the in-plane crushing pressure occurring due to Brazier’s effect. The test was 
carried out under a constant displacement ramp controlled via the DAQ, which also 
recorded the machine stroke and load, where the load was recorded using a 250kN 
load cell located in the moving cross-head. The load range was set to ± 50 kN whereas 
the stroke range was set to ± 100 mm. The signals were captured with a 14 bit 
analogue input every 200 µs on the DAQ. 
 
4.2 Pre-Failure  
This section will first present the load-displacement graph, looking specifically at the 
pre-failure behaviour. After this, the DIC results are presented looking at the deflections 
of the web and deforming shape of the section. Next, the results are examined to 
identify the non-linear deformation of the cap and web. A summary is given to compare 
these results to those from full blade tests. 
4.2.1 Load Response 
The load-displacement plot is shown in Figure 4.1. What was observed was an initial 
linear response until approximately 12 mm crosshead displacement corresponding to a 
load of 9.8 kN. This was followed by a non-linear response which had a continuously 
decreasing stiffness. At approximately 20 mm the cap started to incur fractures, which 
grew in size until the critical load of 14.9 kN. After this, the specimen was unable to 
hold any significant load, and subsequent fractures followed at lower load levels. 
However, these subsequent fractures are of lower interest because after the critical 
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load the specimen is deemed as having failed. The main interest for a wind turbine 
manufacturer and operator are the stages leading up to this failure. 
 
Figure 4.1: Load-displacement plot of box girder specimen. Displacement is measured at the 
striker. 
 
4.2.2 Linear Loading 
The DIC results were obtained with a good degree of success, although one 
problematic result was the outer face of the leading edge web. It was not possible to 
calibrate the two cameras through the mirror to analyse this face, with the most likely 
reason being use of too small a calibration target, although the maximum size that was 
possible was used bearing in mind the acute angles involved. Nonetheless, the use of 
a mirror did allow capture of 3D surface deformation from both the inner and outer 
surface of the trailing web using the same set of DSLR cameras, something which has 
not been achieved by other research groups before to the author’s knowledge. The 
other problematic result was with the 5 fps video camera used, which had inadequate 
resolution as well as excessive shadows in its images, resulting in insolvable DIC 
images.  
This section presents the DIC displacements and strains of the deforming web up to 12 
mm global displacement, which coincides with end of linear loading. Presented first is 
the out of plane displacement results evaluated on the inner side of the leading edge 
web, as well as the inner and outer side of the trailing edge web, as shown in Figure 
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4.2. In this image, the DIC evaluated strains are superimposed on the raw images for 
clarity, as described in section 3.2.3.4. Note that the images are taken with the plane of 
the image parallel to the camera sensor. During computation, the axis has been 
transformed so that the xy plane is perpendicular to the transverse direction of the 
blade (i.e. the xy plane is parallel to the flat face of the web in the image shown). The 
positive z direction has been set independently for the leading and trailing results so 
that it points into the box girder rather than outwards. As the webs protrude outward 
due to ovalisation they both experience negative z displacement.  
` 
Pressure cap 
Pressure side 
sandwich 
Suction side 
sandwich 
Suction cap 
Figure 4.2: Out-of-plane displacements (dz) for three image stages captured during linear 
loading of the box girder section (see Figure 4.1). Results are presented for both leading and 
trailing web overlaid onto the raw images. Scales have not been shown due to perspective 
distortion, although this effect does not impact the results.   
 98 
This ovalisation is presented well in Figure 4.2 and there are close levels of 
displacement in the leading and trailing web, with slightly higher displacements in the 
trailing web. Additionally, there is close match between the displacements of the inner 
and outer sides of the trailing web. The ovalisation effect is revealed by the higher 
displacements seen in the central parts of both web as compared to the corner joints. 
 
Figure 4.3: Out of plane displacement (dz) extracted along y direction section line for inner side 
of leading edge web and inner and outer side of trailing edge for striker displacements of 2.3 
mm and 12.4 mm.  
The exact curvature of the web has been identified using the section line extraction 
method described in section 3.2.3.4. These are presented for striker displacements of 
2.3 mm and 12.4 mm in Figure 4.3. Initially, it can be seen that the leading web had a 
reduced curvature in comparison to the trailing edge, yet as the striker continued to 
displace, the leading edge had approximately 30% more out-of-plane displacement. 
Furthermore, this result confirms that there is an asymmetric curvature of the web, 
resulting in higher out-of-plane deflections (dz) of the pressure side sandwich. The 
reason for these observations is possibly due to geometrical differences between the 
leading and trailing edge web, as well the suction side sandwich of the web being 25% 
smaller than the pressure side sandwich on both the leading and trailing edge web. 
This asymmetric geometry will produce asymmetric moments on the webs and thus the 
potential source of differing out-of-plane deformation.  
Also shown in this result was similarity of out-of-plane displacement between the inner 
 99
and outer face of the trailing edge web. This verified that the DIC setup is suitably 
monitoring the deformation of the trailing web, as a difference between these two 
results would not have been expected during linear loading. 
 
4.2.3 Non-Linear Deformation of the Cap – Delamination Growth 
After the linear section of loading, there was a non-linear response for an additional 
striker displacement of approximately 28 mm, until the total displacement was 40.2 
mm. Using the 5 fps camera, it was confirmed that this initiation of non-linearity 
coincided with the growth of a delamination from an existing defect. This is presented 
in Figure 4.4, where although the existing defect is difficult to see it has been confirmed 
to be in the location that is indicated on the first displacement stage presented. Note 
that the specimen has only just begun to enter non-linearity at the 12.4 mm stage. The 
subsequent stages present how the delamination grew in size until the specimen 
approached failure shortly after the 39.1 mm stage.  
 
Figure 4.4: Onset and growth of delamination in box girder pressure cap. The striker appears 
white in the image, and only the leading side of the suction cap is presented for clarity. 
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 Figure 4.5: Load variation plotted as a function of delamination size measured on the suction 
cap of the box girder section during non-linear loading. The blue line represents a linear fit of 
the first three points. 
The size of the delamination is also presented in Figure 4.4, and it was apparent 
between 12.4 mm and 32.3 mm striker displacement the non-linear load was greatly 
influenced by the size of the delamination. This was better shown in Figure 4.5, which 
also showed that this close relationship ceased after 32.3 mm striker displacement. 
The reason for this departure was because the specimen did not fail as a direct result 
of the delamination, a topic that covered in section 4.3.1. 
 
4.2.4 Non-Linear Deformation of the Web 
4.2.4.1 Out-of-Plane Deformation 
As the non-linear behaviour seemed to coincide with delamination growth, the levels of 
deformation in the web were not expected to experience failure inducing levels. The 
out-of-plane displacements for both the leading and trailing webs were presented in 
Figure 4.6. This result was similar to those shown for the linear response, Figure 4.2, 
although the displacements are ever increasing as the striker continue to displace into 
the cap. Again there is an asymmetric distribution of displacement, with the pressure 
side part of the web experiencing higher displacements.  
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 Figure 4.6: Out of plane displacements (dz) for four image stages captured during non-linear 
loading of the box girder section (see Figure 4.1). Scales have not been shown due to 
perspective distortion, although this does not impact the results. 
This effect was better seen in Figure 4.7, which showed the DIC evaluated out-of-plane 
displacements along section lines running the length of both trailing and leading webs, 
for striker displacements of 19.1 mm and 39.1 mm. This result presented that while 
there is an apparent curvature imposed on the pressure side sandwich, there was an 
almost linearly varying out-of-plane displacement on the suction side sandwich. It 
 102 
seemed that the suction side sandwich had the highest overall variation in out-of-plane 
displacement. Had the displacement increased further, the sandwich may have buckled 
due to excessive shear between the skin and core, a topic that is addressed in 4.2.4.2 
and 4.3.2. 
 
Pressure side 
sandwich 
Joint 
Suction side 
sandwich 
Figure 4.7:  Out of plane displacement (dz) extracted along y direction section line for inner side 
of leading and trailing edge webs for striker displacements of 19.1 mm and 39.1 mm. 
Also presented in Figure 4.7 was that between the 19.1 mm and 39.1 mm striker 
displacement, the out-of-plane displacements in the leading and trailing webs came 
close to converging. This effect was seen better in Figure 4.8 which plotted the 
maximum absolute out-of-plane displacement for all stages between 12.4 mm and 39.1 
mm striker displacement, i.e. the non-linear response. It was seen that convergence 
occurred between 32.3 mm and 39.1 mm striker displacement, which coincided with 
when the delamination stopped growing, as shown in Figure 4.5. The likely reason for 
the convergence was the weakening of the pressure side cap on the leading edge side 
causing increasing displacements of the trailing edge web.  
What was also seen in Figure 4.8 was a divergence of the out-of-plane displacement 
between the inner and outer parts of the cap during this non-linear loading response. 
This indicated that the core is compressing, possibly due to shear stresses, a topic that 
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is addressed in greater detail in the next section. 
 
Figure 4.8: Variation of peak absolute out-of-plane displacement (dz) for non-linear load 
response striker displacements. 
4.2.4.2 Shear Response 
The shear angle has been evaluated for all DIC stages and it was deemed that the 
majority of shearing occurred in the foam webs, as shown in Figure 4.9, rather than in 
the skin. It was seen that the foam in the leading web is shearing in the opposite 
direction to the trailing web, which was due to the foam in the two webs rotating in 
opposite directions.  
To quantify the shear angle in the web, the numerical results were extracted from a line 
section running the length of the trailing web cross-section. This was presented in 
Figure 4.10, which showed the shear angle in radians rather than degrees so that it can 
be approximated to equal the shear strain [88]. Three striker displacement stages were 
presented, with the final stage being just prior to failure of the specimen. What could be 
seen was that the shear response was elevated where there was core material and the 
foam closest to the suction cap experienced higher levels of shear. Prior to failure the 
highest recorded absolute shear strain in the core was 0.060, which acts in the yz 
plane. To induce a shear disbond of the skin from the core, the shear strain would have 
to be xy or xz plane, however it is not possible to measure this in between the core and 
skin with the DIC setup that was implemented. Yet, it was shown in Figure 4.10 that the 
levels of shear are generally higher in the suction side sandwich of the trailing web, 
which may have been the consequence of the higher variation of out-of-plane 
displacements seen in Figure 4.7. 
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 High shear in foam 
Figure 4.9: DIC evaluated shear angle (degrees) of leading and trailing web evaluated at 12.4 
mm and 39.1 mm striker displacement.  
 
Pressure Side
Suction Side
Figure 4.10: Variation of shear angle (radians) along trailing web cross-section for increasing 
striker displacements. 
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Looking back at the result presented in Figure 4.8, it was stated that there was a 
divergence of the inner and outer part of the trailing web out-of-plane displacement 
during the non-linear loading response. For this to occur, the foam would have to incur 
some strain in the z direction. As the web section is thin it is difficult to tell whether this 
was seen or not as the physical displacements would be very small. However, it could 
be argued that when the shear strain γxz exceeded its yield point it allowed this 
difference in z-displacement of the inner and outer faces of the web, causing the inner 
face to displace into the core.  
Using the foam data sheet [112], it had been deduced that at 32.3 mm strike 
displacement the foam would have yielded. Using the reported values in this reference, 
the foam would yield under shear after a shear strain of 4.3%, whereas the shear strain 
at 32.3 mm was recorded as 4.4%. Also, the compressive strain at yield was reported 
to be 1.6%, whereas the observed principle strain at 32.3 mm striker displacement was 
1.7%. The yielding was likely to be due to cell wall collapse as well as transverse 
direction elongation due to the shear stresses [37]. However, this foam collapse did not 
appear to influence the specimen failure, details of which are covered in 4.3.2.  
 
4.2.4.3 Crushing Deformation  
In addition to the shear deformation of the web, there was a degree of crushing 
deformation due to the applied striker loading. The resultant vertical strain (εy) in the 
web was presented for the leading web in Figure 4.11, although the trailing web also 
exhibited similar levels of in-plane deformation. It was deduced that the highest strain 
occurred nearer to the pressure side cap, and as it is the pressure cap that was 
displacing, it can be seen that these higher strains coincided with the higher vertical 
displacements. However, in an isotropic material such as steel we might expect to see 
that the strain would be uniformly distributed across the web, yet this has not occurred 
for this lightweight anisotropic material. 
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 Suction side 
cap 
Figure 4.11: Percentage vertical strain (εy) variation of leading web during non-linear loading. 
Scales have been omitted due to perspective issues, although these do not affect the results. 
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Figure 4.12: Percentage vertical shear (εy according to Figure 4.2) extracted along y direction 
section line for inner side of leading and trailing edge webs for striker displacements of 12.4 mm 
and 39.1 mm. 
To examine this behaviour more closely, the vertical strains were extracted along a 
section line running the length of the inner web faces of both leading and trailing webs 
and these results were presented for striker displacements of 12.4 mm and 39.1 mm in 
Figure 4.12. The 12.4 mm stage occurred when the overall loading response started to 
leave linearity, and it was seen at this low deformation stage there already existed a 
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non uniform distribution across the section line plotted. A variation of strain on the 
sandwich parts of the web was observed, whereas a uniform strain existed across the 
joint. This effect was clearer and more developed for the increased striker 
displacement of 39.1 mm, as shown in Figure 4.12. This graph showed that the 
variation of strain per unit length of the section is approximately equal for the two 
sandwich sections.  
The reason behind the effect can be better thought of using Hooke’s Law, as 
demonstrated in Figure 4.13. Here it was argued that the different parts of the web 
could be represented by springs with varying spring constants Ki. As GFRP will have a 
higher Young’s modulus than foam, it is assumed that K2 will be greater than K1 and 
K3. Also seen on Figure 4.12 was a variation of strain across the foam parts of the 
cross-section. This was likely to be due to non-linear effects in the foam, such as cell 
collapse or rotation under shear as mentioned in 4.2.4.2. It could be argued that both 
K3 and K1 were functions of y and F. Plotting the results of earlier striker displacements 
seemed to agree with this, although the results were very noisy since they were 
approaching the lower range limit. From this result it can be inferred that, for a box 
girder displacing from both ends (a situation closer to Brazier’s “crushing pressure”), 
the strain distribution across the two webs would show roughly equal values across 
both sandwich parts. 
F F 
Is
ot
ro
pi
c 
m
at
er
ia
l 
Ki 
y 
 
Figure 4.13: Spring analogy for web stiffness. 
Figure 4.14 has been presented to indicate the levels of y direction displacement and 
strain seen in the web during the linear and non-linear portion of loading. The strains 
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have been averaged across the top 5 mm of the web to show the highest levels 
experienced in the trailing web, as described in Figure 4.12. The highest displacements 
were approximately 2.5 mm, and the highest compressive vertical strain was -0.8 %. 
Note that although it was believed that foam did incur non-linear deformations, it was 
not believed that the skin of the web did. The deformation of the cap to web joint is 
discussed next. 
 
Figure 4.14: Variation of average vertical displacement (dy) and average vertical strain (εy) 
measured across 5 mm of top-most section (174 – 169 mm in Figure 4.7 for dy and Figure 4.12 
for εy) of trailing edge web.  
 
4.2.5 Cap to Web Joint 
Another region that had been highlighted as potentially weak was the joint between the 
cap and the web. The reason for this was the high number of cap layer terminations, 
otherwise known as ply drop-offs, which introduce stress concentration sites and could 
lead to premature fracture [119]. Furthermore, the corner joint between the dissimilar 
materials may lead to incomplete infusion, again leading to stress concentrations. Such 
a concentration was captured well for the trailing edge web in Figure 4.15, which 
showed the shear angle for three of the non-linear loading stages prior to failure. The 
shear response gradually increased during loading, as shown in Figure 4.16. This 
graph compares the shear angle at a point in the joint to one which is offset by 10 mm, 
points 1 and 2 respectively in Figure 4.15. It was seen that at point 1 the shear strain 
(equivalent to shear angle for low values of shear angle when reported in radians) did 
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increase significantly in comparison to the offset point. The maximum recorded value of 
shear strain was 1.1%, which was still in the elastic region according to the materials 
data sheet [120]. Additionally, analysing the principle strain showed that the material 
was behaving elastically, and thus could be concluded not to be critical when loaded 
under Brazier’s “crushing pressure”. 
 
Cap – web 
joint 
Point 2 
Point 1
Figure 4.15: Shear angle (degrees) variation in trailing web during non-linear loading response, 
with a focus on the cap-web joint. 
 
Figure 4.16: Evolution of shear angle for points 1 and 2 (see Figure 4.15) for increasing striker 
displacements in the linear and non-linear region. 
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4.2.6 Summary of Pre-Failure Results 
A summary of the linear and non-linear results is presented in Table 4.1. 
Table 4.1: Summary of key experimental box-girder testing values compared to values obtained 
from literature. 
Linear Loading
Box-girder 
section results
Full blade 
results
Maximum cap displacement 12.2 mm
Maximum Load -10.1 kN
Average maximum web out of plane displacment (dz) 5.2 mm
Non-linear loading
Maximum cap displacement 40.2 mm
Maximum Load -15.0 kN
Trail ing edge maximum web out of plane displacment (dz) 17.4 mm
Maximum web in plane displacment (dy) -1.6 mm
Maximum web vertical strain (εy) -0.80 %
Maximum shear strain on trailin
1.2 mm
2 mm
6 mm
17 mm
-0.15 %
g web face -0.05% -0.26 %
Maximum absolute longitudinal strain in cap 0.45 %
Maximum absolute transverse strain in cap 0.38 %
Point of foam yield
Out of plane dispalcement (dz) 14.8 mm
In plane displacment (dy) -2.1 mm
Vertical strain (εy) -0.42%  
Sources: In red - [4]; In blue - [43] 
The values obtained from literature were extracted from reports on the full blade 
experiments carried out at Risø-DTU, as mentioned in section 2.1.5. There are clearly 
some differences between the results obtained from the essentially 2D tests performed 
for this research and the 3D full scale tests, since the additional global bending 
moment seemed to be fundamental in introducing extra shear strains into the 
specimen. In fact, the failure of the full-scale test was a shear related failure of the web, 
and since Table 4.1 indicated near identical maximum values of dz, the global flexural 
moment must be responsible for the difference in the maximum shear strain recorded 
on the inner trailing web face (in bold). Note that the -0.05 % shear strain observed on 
the trailing web face is on the lower end of the recordable strain range, and is therefore 
unreliable. Nonetheless the other result allowed an understanding of the implications of 
excessive cap and web deflections on the materials behaviour of the box girder. 
Furthermore, future blade design may include reductions in cap thickness, promoting 
extra flexibility, and the potential to achieve higher deflections making cap failure a 
distinct possibility [121]. A post failure analysis of the specimen test is provided next. 
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4.3 Post-Failure 
This section first examines the failure seen in the test performed for this research, 
followed by an examination of failures seen in other box girder section tests. 
4.3.1 Cap Ply Fracture 
The growth of a delamination was identified as the initiator of the non-linear loading 
response, but Figure 4.5 indicated that failure was not the direct result of this. Instead 
failure was the result of the bottom biaxial layer exceeding its tensile strength and 
fracturing. This failure was shown in Figure 4.17, and it was seen that the fracture was 
underneath the striker. This was a consequence of the three-point loading orientation, 
where the highest bending moment was underneath the striker. This caused the 
highest tensile stress to be in the bottom most layer, which referring to Figure 3.5 was 
a biaxial layer. The UD layers above this biaxial layer had fibres orientated in the x 
direction (perpendicular to the cross-section shown in Figure 4.17), and its transverse 
(z direction) modulus was provided by the matrix material alone. The materials data 
sheet suggested that the transverse tensile strength of the UD layers was 22% that of 
the biaxial layer [120]. It was not surprising that following the fracture of the biaxial 
layer the subsequent crack growth through the UD layers was brittle and occurred at 
lower load levels, as shown in Figure 4.1.  
 
Fractured 
bottom 
biaxial layer 
y 
z 
Figure 4.17: Geometry of box-girder section post failure at 44 mm striker displacement. The 
enlargement shows how the laminates have fractured directly underneath the striker. 
 112 
 Figure 4.18: Out-of-plane displacements (dz) for two image stages captured during pre and post 
failure of the box girder section. Results are presented for the trailing web. Scales have not 
been shown due to perspective distortion, although this does not impact the results. 
To illustrate the impact of this failure, Figure 4.18 presented the out-of-plane 
displacement of the web pre and post failure. It illustrated that the web essentially 
‘bounced’ back after the cap fracture. It was also seen that the principle strain in the 
cap to web joint rose significantly post fracture, as shown in Figure 4.19. Overall, the 
freedom of motion of the cap to web joints, as well as the added cap flexibility due to 
the presence of the delamination, was likely to have led to higher striker deflections 
than if the cap had been tested in isolation and without a pre-defect.  
 
Figure 4.19: Rise in principle strain at suction cap to trailing web joint (points 1 and 2 in Figure 
4.15). The vertical line indicates the striker displacement at which the cap fractured.  
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4.3.2 Web Shear Failure 
Testing of a separate specimen resulted in a failure other than cap fracture. This 
specimen did not have a delamination defect present in the cap. It is believed that this 
led to increased web deflections rather than cap deflections. This prompted failure of 
the suction side trailing edge web through disbond initiation and growth between foam 
and skin, as shown in Figure 4.20. This was likely to be the result of high shear strains 
developing in the foam as was indicated in section 4.2.4.2. Unfortunately no DIC 
results were extracted from this specimen due to experimental problems, so a 
complete analysis had not been carried out. However, it is relevant to show that such a 
failure is possible under this 2D loading as it was witnessed in the full blade tests as a 
key failure mode [4]. Furthermore the same result was obtained from other 2D section 
tests on box-girder sections as shown in Figure 4.21.  
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Figure 4.20: Post fracture image of suction side trailing web sandwich for second box-girder 
section specimen. 
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a b 
Figure 4.21: Shear web failure of box girder: (b) and (a) from [18, 122] respectively. 
 
4.4 Summary 
The testing of the box girder cross-section had been partly successful. The results that 
were missing were DIC data of the cross-section for the first specimen as well as the 
outer surface of the leading edge web, and any result from the second specimen. 
Performing 3D DIC to capture deformation of a front and rear surface simultaneously 
was made successful using a front surface mirror. A list of the key findings is given 
below: 
− The deflections and relevant strains were obtained from both the leading and 
trailing web. Asymmetric ovalisation was seen.  
− The results presented in Table 4.1 gave the key outcomes of linear and non-
linear deformation of the web and cap. There are some differences between 
these results and those seen in full blade tests due to the absence of a global 
bending moment (Mx). However, future blade design will likely to dictate greater 
flexibility of the box girder under flap-wise loading, and thus these findings are 
relevant. 
− The suction side sandwich of the web is the more likely to incur a disbond 
between the foam and the skin as it has the highest variation of out-of-plane 
displacement (dz).  
− The cap-web joint was not critical. 
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− The presence of a delamination may shift failure from one sub-component to 
another. 
− The flexural strength of the cap is governed by the transverse (z direction) 
tensile strength of the biaxial layer. 
Overall these results were useful in demonstrating the behaviour of the cross-section. 
However, the differences observed between the testing results of a full blade and this 
cross-section (as presented in Table 4.1) expressed the need to understand the blade 
geometry and detailed design. This would allow the utility to make better estimates of 
the blade condition based on this and similar research, and therefore a better 
maintenance schedule could be produced. This information is also required to better 
assess the location and propagation of damage detected using in-situ monitoring 
systems.  
Assuming that this type of information would be obtained by the utility, it was necessary 
to progress these results onto tests of the constituent components, the results of which 
are in the following two chapters. 
 116 
5 Non-Linear Behaviour of the Sandwich Web 
5.1 Introduction 
This chapter presents the results from the testing of the sandwich web material. Prior to 
the results, a brief introduction is given, including a review of the experimental method, 
a specimen list and the structure of the remainder of the chapter.  
5.1.1 Summary of Experimental Method 
The first of the test methods employed was four-point flexure, which simulated the out-
of-plane motion of the web with a controlled displacement ramp and using a standard 
test method, namely ASTM C393 [109]. Measurements of load and displacement were 
made every second, along with readings of strain from strain gauges. DIC images were 
captured using a single 10.1 Megapixel DSLR camera at frequency of 0.2 Hz. All 
specimens were extracted from a pre-tested wind turbine blade box girder at various 
sections along the blade length. Because the blade was tapered and was designed 
against a bending moment that increased closer to the root, the specimens tested were 
of three different varieties, with the core thickness and skin thickness varying between 
them.  
The second test method was the non-standard method of buckling sandwich columns. 
The experiment was designed around the standard test method ASTM C364 [113]. A 
fixed-fixed condition was achieved by using wedge grips, and end plates ensured end 
loading. All specimens were manufactured in a laboratory using a RIFT technique 
[110], and as the dimensions of the web varied along the length of the blade, 
specimens were manufactured with varying skin thickness. For each type of specimen, 
two types of defect were incorporated. The first of these was a disbond, where a PTFE 
strip was placed in between one skin and the core, and the second was a delamination, 
where a PTFE strip was placed in the symmetrical centre of a skin (i.e. inside the 
layup). Two different sizes of delamination were tested, whereas only one size of 
disbond was tested. 3D DIC was conducted on these specimens using the GOM 
supplied cameras. For all tests the cameras focussed on the skin with the defect. 
Further information on all of the test methods is included in section 3.4. 
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 5.1.2 Specimen List 
A list of the different sandwich specimen types is given in Table 5.1. Note that only one 
instance of the specimen type is shown, but repeat tests were performed. No major 
anomalies were seen in these repeat tests prior to failure and only one instance of the 
results is presented, unless stated otherwise. The specimen naming indicates the 
geometrical and testing parameters, i.e. the first part represents the type of testing (FP 
is four-point and B is buckling), the second part represents the average skin to core 
thickness ratio as a percentage, and the third part represents the type of incorporated 
defect in the specimen, as given by Table 5.2 
Table 5.1: List of sandwich specimens tested. 
 Symbol Core Thickness (mm) 
Skin Thickness 
(mm) 
Number 
Tested 
  FP_22.2_P 2 9 3 
  FP_5.3_P 1 19 3 
  FP_6.7_P 2 30 3 
B_2.6_P 20 0.53 ± 0.07 3 
B_2.6_DB 20 0.48 ± 0.07 4 
B_2.6_D30 20 0.52 ± 0.07 3 
GF grade : 
300 g m-2 
B_2.6_D63 20 0.55 ± 0.07 3 
B_6.2_P 20 1.27 ± 0.03 3 
B_6.2_DB 20 1.25 ± 0.05 4 
B_6.2_D30 20 1.25 ± 0.03 3 
GF grade : 
600 g m-2 
B_6.2_D63 20 1.24 ± 0.02 3 
B_11.3_P 20 2.27 ± 0.02 3 
B_11.3_DB 20 2.26 ± 0.05 3 
B_14.2_D30 20 2.90 ± 0.08 3 
GF grade : 
900 g m-2 
B_14.2_D63 20 2.78 ± 0.11 3 
 
Table 5.2: Types and description of incorporated defects in buckling specimens. 
Symbol Description 
P Perfect – no defect 
DB 49 mm wide disbond between single skin and core, at centre of specimen 
D30 30 mm wide delamination in centre of specimen between middle two plies 
of a single skin 
D63 63 mm wide delamination in centre of specimen between middle two plies 
of a single skin 
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 5.1.3 Structure of Chapter 
The remainder of this chapter presents the results of the experiments carried out on the 
web material. Presented first is the four-point flexure results, going through the load 
response, linear behaviour, non-linear behaviour and failure processes. After this, the 
buckling results are presented, showing the load response, linear behaviour, non-linear 
behaviour and failure processes for the perfect specimens. This will be followed by a 
similar portrayal of the defected buckling specimens, including a presentation of the 
acoustic emissions results. Finally, a summary concludes the key findings of the web 
material experiments.  
 
5.2 Four-Point Flexure Tests 
5.2.1 Load Response 
The load vs. displacement curves for the three sandwich specimen types under four-
point configuration was shown by Figure 5.1, where some interesting similarities and 
differences were visible. It could be seen that FP_22.2_P showed the lowest bending 
stiffness, followed by FP_5.3_P and then FP_6.7_P, due to the respective second 
moments of area. All three showed some degree of linear bending as a straight line 
along the graph before exhibiting a non-linear response.  
As a distinction, it can be seen that FP_6.7_P became non-linear at approximately 5 
mm crosshead displacement, which was earlier than FP_22.2_P and FP_5.3_P (8 mm 
and 7 mm respectively). In addition to this, FP_6.7_P fractured at a crosshead 
displacement of 22.5 mm, thus incurring higher plastic deformation prior to fracture, 
even though it had a higher level of load, as compared to FP_22.2_P, which fractured 
at 17 mm. However, there are similarities between FP_22.2_P and FP_6.7_P, as they 
both exhibit a plateau region where further crosshead displacement did not lead to a 
significant increase in measured load. Additionally, fracture followed shortly after the 
load peaked. In contrast, FP_5.3_P displayed a peak load, which then reduced as non-
linear effects started to dominate in the material. After this the measured load rose prior 
to halting of the experiment. The linear strain response of these specimen types is 
considered next. 
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 Figure 5.1: Load displacement graphs for three specimen types. 
 
5.2.2 Linear Behaviour 
To examine the behaviour of the material under linear loading, the DIC evaluated 
bending strain (εx) results for the three specimens loaded under four-point 
configuration were presented in Figure 5.2. This was shown for two different crosshead 
displacement stages early in the displacement ramp and at these linear loads there 
appeared to be few similarities in the behaviour for the three specimens. One of these 
similarities was the distribution of bending strain across the cross-section, where the 
upper part experienced compression, whereas the lower part experienced tension. 
Another similarity was a concentration of tensile bending behaviour at the roller contact 
positions for all three specimens, although this is barely visible for FP_22.2_P.  
The apparent concentration of tensile bending strain at the roller location was the result 
of core compression at this site and dependent upon the load applied, as per the 
Poisson’s effect shown in Figure 5.3. It was therefore logical that the degree of tensile 
strain concentration was higher for FP_6.7_P as the applied load was higher according 
to Figure 5.1. Another difference was the shape of the strain concentration seen in 
FP_5.3_P and those seen in the two specimen types with thicker skins. Additionally, in 
between the inner rollers there was a larger area of specimen under compressive load 
for FP_5.3_P. These last two differences perhaps suggest that the physical size of the 
skin as important is as the skin-to-core thickness ratio.  
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Figure 5.2: Bending strain results (εx) for the three sandwich specimen types.  
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Figure 5.3: 2D Poisson’s effect. A compressive stress in the y direction causes a tensile strain in 
the x direction. 
To examine the linear bending response of this sandwich material more precisely, a 
plot has been made of the bending strain variation along the specimen cross-sectional 
centreline in the lengthwise centre of the specimen and was shown in Figure 5.4. It was 
expected that as the loads were highest for FP_6.7_P, the strains would have also 
been higher. What was observed was that where the compressive strain for that 
specimen was higher, there was not a significant difference in the tensile strain. This 
suggested that during linear loading, the stress concentration from the rollers 
somewhat interfered with the bending strain distribution in the centre of the specimen. 
This was especially visible with the abnormality seen for FP_6.7_P. However, the 
bending strain distribution for specimen FP_22.2_P was not beset with anomalous 
strain results, and thus it appears that the skin-to-core thickness ratio plays a key role 
in determining the quality of response of sandwich material to four-point flexure 
loading. 
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Figure 5.4: Comparison of percentage bending strain (εx) distribution for three sandwich 
specimen types loaded under four-point flexure for a crosshead displacement of 4.8 mm. The 
strain results have been extracted along lines AA’, BB’ and CC’ from Figure 5.2 for FP_22.2_P, 
FP_5.3_P and FP_6.7_P respectively. 
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Figure 5.5: Position of strain gauges. 
In order to substantiate the DIC results, experiments were performed with additional 
electrical resistance foil strain gauges on the tensile and compressive skins, as shown 
in Figure 5.5. The results for the comparison for FP_6.7_P are given Figure 5.6, which 
is a good representative for all specimen types. It was seen that there was some 
general agreement and specifically there was a good match of tensile behaviour. 
However, the compressive results displayed significant noise, which appeared to be 
experimental error, potentially due to the insolvability of facets located at the edges of 
the specimen (due to insufficient or highly variant data). It was determined that the 
bending strain results from the four-point test configuration were subject to scrutiny due 
to both interference from the rollers and edge effect errors from the DIC technique. 
Tensile strain gauge 
x 
z 
x 
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Hence, these results have been examined only to assess the suitability of the DIC 
technique to examine the non-linear and failure of this lightweight material, which is 
presented in the next section.  
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Figure 5.6: Comparison of DIC evaluated skin strains (εx) to skin strain gauge results(εx) for line 
CC’ of FP_6.7_P (see Figure 5.2). 
 
5.2.3 Non-Linear Behaviour and Failure 
5.2.3.1 Overall Strain Response 
The bending strain response for the three specimens during non-linear displacement 
stages is presented in Figure 5.7. Overall, the observed strain distribution continued 
from what was presented in Figure 5.2, where the strain concentrations around the 
rollers grew in magnitude, encompassing an increasing amount of material. The reason 
that the load response became non-linear was that the specimen stopped deforming 
globally due to flexure, and began to deform locally due to the stress concentrations 
and it was these local non-linear effects that eventually led to failure.    
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Figure 5.7: C
om
parison of bending strain (ε
x ) results for the three sandw
ich specim
en types loaded under four-point flexure for three 
non-linear displacem
ent stages. 
 
Again, the one feature observed on all specimens was a high level of tensile strain 
underneath the inner rollers due to Poisson’s effect as explained in 5.2.2. For the 
thicker skinned material, FP_22.2_P and FP_6.7_P, this effect seemed to gradually 
increase as the crosshead displacement increased. This was not the case with 
FP_5.3_P. Visible with this specimen was a large expansion of compressive behaviour 
underneath the inner rollers. This was the result of the core cells collapsing underneath 
the roller, which allows for penetration of the roller into the specimen. So severe was 
this indentation that directly underneath the inner rollers there were regions of speckled 
material that were not solved in the DIC analysis due to this foam cell collapse.  
The two thicker skinned specimens did not see this penetration of the roller due to a 
better distribution of stresses along the skin leading to lower stresses in the core. The 
increasing crosshead displacement led to greater levels of shear in between the inner 
and outer roller, visible as compressive bending strain in Figure 5.7. The issue with 
these two specimens was that after the onset of non-linear loading, the stresses at the 
compressive skin were sufficient enough to force the skin to pin to the inner roller, and 
sliding was not seen. This was visible from the experimental images due to the roller 
stopping its rotation and it resulted in a shear strain concentration near the inner roller 
that eventually led to failure. Along with the penetration seen for FP_5.3_P, all 
specimen failures were influenced by the loading arrangement and thus there is only 
some relevance to real wind turbine loading. Yet these results are useful in 
demonstrating how the DIC technique shows differing types of failure, and 
demonstrates well why the technique would be beneficial for blade development and 
certification. The two failure types are discussed below. 
5.2.3.2 Shear Fracture in Interfacial Bond Line 
Although both FP_22.2_P and FP_6.7_P showed similar traits in their load 
displacement plots as well as DIC bending strain plots, when examining the shear 
behaviour in Figure 5.8 an interesting difference was found. As explained earlier, both 
specimens were exhibiting high levels of shear in the core in between the inner and 
outer rollers, yet FP_22.2_P is experiencing shear uniformly across the core thickness, 
whereas FP_6.7_P develops elevated shear nearer to the tensile skin. Naturally the 
region between the inner and outer rollers should experience shear, but the cause of 
the elevated shear was the pinning that occurred at the inner rollers. This non-linear 
effect meant that the core and adhesive must have additional shear strain to 
accommodate further deformation. 
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 FP_22.2_P 
FP_6.7_P 
Figure 5.8: Shear angle (degrees) for FP_22.2_P and FP_6.7_P specimens at 12 mm 
crosshead displacement. 
As the core of FP_6.7_P was larger, the method of deformation was different, where 
the larger core allows for a significant shear strain variation from top to bottom, and 
thus the tensile skin adhesive and core at the bottom were able to deform more 
independently to allow for the increasing displacement. Upon further loading of 
FP_22.2_P and FP_6.7_P, the pinning on the compressive skin became more severe 
and elevated shear built up around this pinned area. This led to failure via skin 
disbonding as the shear in the adhesive would result in fracture of this bond, and 
following on from this, an unstable crack grew through the core. This is shown for 
FP_6.7_P in Figure 5.9, where the build up in shear behaviour near the inner roller was 
visible prior to the fracture event. 
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Figure 5.9: Shear angle (degrees) build up with increasing crosshead displacement for 
FP_6.7_P. 
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5.2.3.3 Core Indentation 
The indentation process was shown in Figure 5.10 for FP_5.3_P at various load 
stages. The top row of images represented the flexing of the specimen, and the 
rotation of the roller was seen, which indicated that the skin was able to slip past the 
roller and flex normally. The bottom row illustrated the indentation, where the skin had 
kinked in three places to better match the radius of the roller. For the 1.7 kN stage, the 
red line represented the thin layer of foam underneath the skin that had compressed so 
much that the foam cell walls buckled. It was interesting to see that the failure line of 
the foam lay at a small distance away from the skin, rather than directly underneath the 
skin. This suggested that the skin and adhesive layer constrained the foam from 
deforming freely. 
 
0.1 kN 0.8 kN 1.4 kN 
1.7 kN 1.4 kN 1.2 kN 
Inner roller 
Compressive skin 
Figure 5.10: Indentation of FP_5.3_P sandwich panel. 
Another explanation for the failure line being some distance away from the roller comes 
from the consideration of Hertzian contact stresses. This body of research suggests 
that the shear stress sees a maximum value at a short distance away from the indenter 
[123]. This is demonstrated using Figure 5.11, where the z location of the maximum 
shear stress has been calculated as being 0.78a from the starting plane. A numerical 
comparison has not been made in this study due to the complex nature and 
disimilarities of the material, the non-elastic deformations occurring and the fact that 
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there is a general departure from the project objectives. However, a study of surface 
layers suggests that the presence of a skin would influence the degree of indentation, 
and in particular the thickness of the layer will play an important role [124]. 
 
Figure 5.11: Indentation of flat surface under cylindrical (line) contact [125]. 
DIC was used to quantify the degree of indentation by examining the relative vertical 
displacements of facets in the region of the rollers. This has been performed for both of 
the inner rollers as well as at the centre of the span. The result is presented in Figure 
5.12, where the degree of indentation was calculated as the difference between the 
vertical displacement at the compressive skin, dy (Compressive), and at the tensile 
skin, dy (Tensile) as per equation (5.1). 
I ( ) ( )y yd Compressive d Tensile= −   (5.1)  
As the rig had been prepared such that the inner rollers were stationary while the outer 
rollers were displacing, it followed that the compressive skin would remain stationary at 
the inner rollers whilst the tensile skin and core displaced. The centreline indentation 
values, as shown in Figure 5.12, were all less than 0.1 mm, which was expected since 
indentation effects would be negligible at a distance 50 mm from the inner rollers. 
However, the indentation at each of the rollers was clearly visible with this graph, and 
furthermore there were two indentation gradients along the curves. The explanation for 
these two gradients came by consideration of the technique used to extract the values 
from the results. The displacement values have been extracted from two fixed points 
for each curve, one on the tension skin and one on the compressive skin. Although the 
compressive skin points underneath the rollers did not exhibit any x or y displacement, 
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the tensile skin points moved in the x and y direction during normal bending. This was 
due to curvature imposed on the specimen, the finite area of the facet selected and the 
imperfect flexural arrangement. For the inner rollers, the graphs in Figure 5.12 
exhibited apparent indentation as a result of normal bending until 6 mm crosshead 
displacement. After this, the indentation increased to higher levels, and it was 
estimated that at peak load the average indentation level across the two rollers was 
1.35 mm, after correcting for apparent indentation. The highest degree of indentation 
measured was 2.95 mm after correcting for apparent indentation, which equated to 
15% of the specimen thickness. 
 
Figure 5.12: Degree of indentation plotted against crosshead displacement for left and right 
inner rollers, and specimen centreline. 
 
Figure 5.13: Close-up of DIC evaluated ε2 strain at increasing percentages of indentation load: 
a) 8%; b) 66%; c) 92%; d) 115%. 
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The DIC results along the indentation path are shown in Figure 5.13, where the 
principle strain ε2 has been plotted at increasing load levels, expressed as a 
percentage of the load causing initial indentation. This initial indentation load was 
identified using the load-displacement plot shown in Figure 5.1, and was verified 
against DIC evaluated indentation recorded at the roller sites given in Figure 5.12. The 
initial stages in Figure 5.13 revealed no particular strain distributions or features related 
to indentation. By the stage of 66% of the indentation load, the effects of the loading 
arrangement became detectable as a clear differentiation between the two sides, 
where on the left of the roller the majority of strain was representative of bending 
(compressive to tensile distribution), and on the right hand side where the strain was 
due to shear. At the higher load stages the strain contours were more representative of 
indentation, with high levels of compression directly underneath the roller. Thus, using 
these DIC results the strain level that resulted in initial crushing of the core was 
estimated as -2.3% for this foam.  
These two failures were both affected by the loading arrangement applied, and hold 
indirect relevance to real wind turbine loading. However, the sophistication of the DIC 
technique was well shown, and the results proved that the technique was both useful 
and versatile to measure this lightweight material, thus allowing a more thorough 
approach to the buckling tests that were performed afterwards, which will be discussed 
next. 
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5.3 Buckling Tests 
5.3.1 Load Response 
A comparison can be made between the loading responses of the three specimen 
types in Figure 5.14. It was seen that all specimens first exhibited similar linear 
responses to the loading, which was representative of the compression and bending of 
the overall material. As non-linear effects began to emerge, there was a decreasing 
loading response that eventually led to load plateau region. After this, failure occurred 
and the load quickly dropped off, which may have been followed by subsequent 
fracture events at lower loads. 
 
Figure 5.14: Load vs. displacement for three buckling specimen types without defects. 
One obvious difference between the responses observed was the load levels recorded. 
From beam theory the load response is dependent on the equivalent second moment 
of area about the specimen symmetrical centre and for sandwich material it is 
calculated per unit thickness using equation (5.2). With this equation, it was assumed 
that Es, Ec, tc and d were all constant, thus the major terms that affected the value of D 
were ts3 and ts. Another difference observed in Figure 5.14 was that as the skin 
thickness increased, the size of the plateau region decreased, with almost no plateau 
apparent for the B_11.3_P. This reflects the nature of the fracture event occurring in 
the specimen, where the thicker skinned specimens stored higher amounts of energy 
as a result of the higher loads applied. B_2.6_P would have been more able to 
dissipate the lower amount of energy and thus was able to maintain the ultimate load 
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level for a greater displacement. Essentially, what this equated to was that under the 
crushing pressure, although the load carrying capability of thicker skinned sandwich 
was greater, the component safety factor would need to be higher. 
 (5.2) 
 
3 2 3
2
6 2 12
s s s s skin c cE t E t d E tD Ey dz= = +∫
Where: 
− D is the equivalent flexural rigidity per width of specimen (Young’s modulus 
multiplied by second moment of area). 
− E is the Young’s modulus. 
− t is the thickness. 
− dskin is the distance between the centre of the skins. 
− suffix s represents the skin. 
− suffix c represents the foam core. 
To compare the loads at which the specimen buckled against theoretical predictions, a 
graph was prepared for the three specimen types, as shown in Figure 5.15. The 
theoretical results have been calculated using equation (5.3), whose derivation is 
included in Appendix C. There was a notable difference between the two sets of data, 
which had an average of roughly 30%.  The most likely cause for this difference was 
that the theoretical value did not encompass any non-linear behaviour, whereas the 
load response clearly suggested there was substantial non-linear behaviour prior to 
buckling. However, the trends of ultimate compressive load with skin/core thickness 
ratio have a high degree of matching in this figure. It is suggested that the buckling of a 
sandwich column encompasses a specific degree of non-linear behaviour. In other 
words, the loss of load bearing capability when non-linear behaviour occurs is 
predictable for any skin/core thickness ratio within the presented range.   
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 Figure 5.15: Comparison of bulking loads to theoretical values. 
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Where: 
− PCR is the Euler’s critical load for buckling of a strut. 
− I is the second moment of area of the skins about the centroid. 
− If is the second moment of area of the skins. 
− G is the shear modulus. 
− L is the span of the strut (gauge length). 
− b is the specimen width. 
− tc is the thickness of the core. 
− dskin is the distance between the centre of the skins. 
− suffix f represents the skin material. 
 
 
 
 
 
 
 
 133
5.3.2 Linear Behaviour 
Figure 5.16 allowed a comparison of the strain variation for linear loading stages of the 
three sandwich types. An even distribution of compressive strain (εy) across the 
specimen surface for all three specimens was observed. The main exception to this is 
B_6.2_P, which displayed some indication of torsion, most likely due to a slight 
misalignment in the grips. This torsion was evident as two opposite corners enduring 
elevated strains in comparison to the other two corners. This did not have a major 
impact level of shear present in the skin of this material, which was similar between all 
specimen types. In fact, the level of shear present for the three specimens at 3 mm 
was below 0.02%, which is less than the quoted accuracy of the ARAMIS system.  
C’ 
C B 
B’ A’ 
A 
 Elevated strains at corners 
Figure 5.16: Comparison of εy for three sandwich specimen types under end compression 
loading for two linear crosshead displacements. Note that the z direction is perpendicular to the 
plane of this page, negative into the page. 
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 Figure 5.17: Absolute out-of-plane displacement (dz) of the skin of the three sandwich 
specimens for a linear crosshead displacement of 3 mm, along lines AA’, BB’ and CC’ on Figure 
5.16.  
Unlike the shear and compressive strains, the out-of-plane displacement did present 
many differences, as presented in Figure 5.17. The first difference was that B_6.2_P 
underwent a non-symmetric out-of-plane deformation, which may have been a result of 
the clamping misalignment. This non-symmetric deformation led to a non-symmetric 
failure, as discussed later in section 5.3.3. Another observed difference was the slope 
of out-of-plane deformation between B_11.3_P and B_2.6_P. Again, the reason for this 
was the difference in the deformation mode that led to failure, which seemed 
dependent on the stresses within the skin, again discussed in section 5.3.3. It was 
believed that the eventual failure mode played a governing factor in determining the 
level of out-of-plane deformation and there was not a simple relation between the skin 
to core thickness ratio and this displacement value. These failures and the preceding 
non-linear deformation are discussed next.  
 
5.3.3 Non-Linear Behaviour and Failure 
As the load levels built up in the sandwich columns, the level of out-of-plane 
displacement also increased. Coupled with the increased compressive strains in the 
specimen, the material began to endure non-linear deformation. The build up of εy in 
the skins of the sandwich specimens is shown Figure 5.18 for non-linear crosshead 
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displacement stages of 4 mm and 5.3 mm. The final stage presented was post peak 
load at 6.6 mm, which was termed as failure for all three specimen types.  
 
Figure 5.18: Variation of εy for three non-linear crosshead displacements. Note that the 6.6 mm 
stage represents post peak behaviour. 
For B_2.6_P the strain development was contrary to the other two specimens, simply 
because it deflected towards the camera rather than away. The result of this was a 
small rise in εy in the central region for this specimen between the 4 mm and 5.3 mm 
crosshead displacement stages. This was due to a superposition, where the skin 
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analysed was under tension due to bending (caused by out-of-plane motion) and 
compression due to the applied load. On the other hand, the skins analysed for 
B_6.2_P and B_11.3_P were under compression due to both bending and end loading, 
and both exhibited similar high levels of compression close to the centre of the 
specimen. The pattern of strain shown for these two specimen types was 
representative of the biaxial layup in the skin, where the fibres are aligned at ±45o to 
the y axis. The criss-cross pattern of strain occurred due to the fibres compressing, as 
well as the matrix surrounding the fibres compressing due to rotation of the fibres 
against the load (a scissoring effect). This latter cause has been confirmed by 
examining the shear response as presented in Figure 5.19.  
 
Figure 5.19: Build up of shear behaviour (εxy) post peak load for the three sandwich specimen 
types. 
The failure modes differed between the specimen types, as shown in Figure 5.20, yet 
the εy deformation observed revealed the oncoming failure mode reasonably well. For 
B_2.6_P the higher level of bending led to fracture of the compressive skin, thus 
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leading to the concentrated peak of tensile strain seen in Figure 5.18. The out-of-plane 
displacement change after failure was shown adequately in Figure 5.21 for this 
specimen. This failure led to hinging around the fracture and load bearing capacity had 
diminished.  
 
Figure 5.20: Side-on images of specimens post failure. Scales are not accurate as this is a 
demonstration only. 
 
Figure 5.21: Comparison of absolute out-of-plane displacement (dz) for a non-linear crosshead 
displacement (5.3 mm) and a post peak load crosshead displacement (6.6 mm). 
For B_6.2_P the observed failure was an asymmetric shear collapse of the core at a 
single point, as shown in Figure 5.20. It is possible that the clamp misalignment led to 
the asymmetric failure, but there were insufficient results to corroborate this. The εy 
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result in Figure 5.18 showed there was significant compressive strain pre and post 
failure in the skin itself, yet as the skin is thicker, the stress would have been too low to 
cause fracture. It was therefore possible that the core failure was caused by the 
bending brought on by the out-of-plane motion. However, Figure 5.21 showed a similar 
degree of out-of-plane displacement between B_2.6_P and B_6.2_P, and it was 
concluded that local effects encouraged the asymmetric core failure.  
In contrast, B_11.3_P incurred symmetric core failure, as shown in Figure 5.20. 
However, this specimen showed much higher levels of out-of-plane deformation 
(Figure 5.21), which led to the excessive shear in the core at a short distance from the 
grips. The reason for the failure slightly away from the grip was because the fixed-fixed 
condition constrained the deformation of the sandwich specimen until an approximate 
distance of L/4, where L is the gauge length of the specimen. Once this collapse had 
occurred, the deformation was concentrated at the two collapsed sites, as shown by 
the 6.6 mm crosshead displacement stage for B_11.3_P in Figure 5.18. Adding 
additional displacement led to such high shear levels in the core that a disbond formed 
between the core and skin, although this occurred at a lower load than peak and was of 
lower importance for this research. Of greater importance was the implication on 
deformation behaviour when a defect is present in the material, which is the next topic 
to be discussed.  
 
5.3.4 Defected Specimens 
5.3.4.1 Load Response 
The load vs. displacement plots for the three specimen types with the various states of 
defect are shown in Figure 5.22. Overall, the general trend was that the specimens with 
a delamination initially saw a similar form of load response to the perfect specimens. 
However, after a small crosshead displacement, the load response dropped off. This 
was especially apparent for the 300 and 600 g m-2 specimens, and a possible reason 
for this was that the delamination reduced the load bearing capacity to such an extent 
that the non-linear effects governed the material behaviour at an earlier load level. 
Such behaviour was generally not seen for the specimens with an incorporated 
disbond.  
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Figure 5.22: Load displacement plots for perfect and damaged sandwich specimens, separated 
by skin grade used (see Table 3.2). 
All specimens exhibited a distinct intersection between linear and non-linear behaviour 
and this was identified using data from the DIC results, the load vs. displacement plots 
and a side-on video of the experiment. To establish whether there was a relation 
between the strain at non-linearity and the defect type or skin-to-core thickness ratio, 
Figure 5.23 was formulated. The strain values were calculated using the crosshead 
displacement value at the intersection point divided by the gauge length. The figure 
presented that there was a possible relationship between the skin thickness and the 
strain at non-linearity for the specimens with a delamination, but this is inconclusive. 
Overall, the figure suggests that the non-linearity is not directly linked to the skin to 
core thickness ratio, but instead is related to the local deformation mechanisms, which 
are governed by local strain values. Yet it was confirmed that a delaminated specimen 
will reach non-linearity before a perfect specimen, or one with a disbond. 
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 Figure 5.23: Variation of strain at initiation of non-linearity for perfect and defected sandwich 
specimens as a function of skin/core thickness ratio. 
 
Figure 5.24: Variation of ultimate load for perfect and defected sandwich specimens as a 
function of skin/core thickness ratio. Best line fits have been added to the plots. 
Re-analysing the load vs. displacement plots in Figure 5.22, another potential 
relationship became apparent, that of defect type, the ultimate load and the skin-to-
core thickness ratio. This was observed because for each skin grade, the lowest 
response was seen from the 63 mm delamination, followed by the 30 mm delamination 
and finally by the perfect specimen. Again the specimen with incorporated disbond did 
not show this behaviour. This data was better analysed by considering Figure 5.24, 
which used best line fits to highlight the conformity of the trends. It was confirmed that 
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there was little difference between the perfect specimens and those with disbonds. 
However, there appeared to be a step reduction in load bearing ability when a 
delamination was introduced. The degree of reduction was dependent on the size of 
the delamination. This is a key finding from this research, which will have an implication 
on blade operation and maintenance. A comparison of surface strain of defected 
specimens will be made next. 
5.3.4.2 Skin Strain Response 
To better appreciate the differences in strain response between the different specimen 
types, Figure 5.25, Figure 5.26 and Figure 5.27 were produced for skin grades 300, 
600 and 900 g m-2 respectively, as per Table 3.2. Examining first the response from the 
specimens with skin-to-core thickness ratio of 2.6% (Figure 5.25), there was a clear 
distinction between the behaviour of the specimens with a delamination compared to 
those without. The strain pattern for the delaminated specimens highlighted how the 
skin incurred a buckle local to the delamination, causing tension along the protruded 
part and compression at the point where it was still attached to the core. Notably the 
size of the local buckle matched precisely the size of PTFE tape used to simulate the 
defect.   
 
Figure 5.25: Variation of εy for perfect and defected sandwich specimens between two non-
linear crosshead displacement stages, for a skin-to-core thickness ratio of 2.6%. 
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 Figure 5.26: Variation of εy for perfect and defected sandwich specimens between two non-
linear crosshead displacement stages, for a skin-to-core thickness ratio of 6.2%. 
 
Figure 5.27: Variation of εy for perfect and defected sandwich specimens between two non-
linear crosshead displacement stages, for a skin-to-core thickness ratio of 11.3% for perfect and 
disbanded specimens, and 14.2% for specimens with a delamination. 
Examining the response of the thicker skinned specimens with delamination starter 
cracks, it was seen that they too exhibited this type of local buckle. Yet the level of 
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strain was much reduced for the specimens with a skin-to-core thickness ratio of 
14.2%, as the local buckle initiated at a later crosshead displacement. This was evident 
with B_14.2_B30, which began to exhibit signs of a buckle at around 4 mm crosshead 
displacement. This indicated that thicker skins were more tolerant of defects due to the 
larger stresses that they can carry.  
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Figure 5.28: Development of εy and εxy (degrees) for B_6.2_B30 during initiation and growth of 
delamination. Also shown were the side-on images of the specimen, highlighting the changes in 
global deformation. 
The development of the strain behaviour surrounding the specimens with an 
 144 
incorporated disbond was not distinctive when compared to the perfect specimens. 
This result again confirmed that the presence of a 50 mm long disbond that 
encompassed the width of a sandwich specimen under end compression did not affect 
the pre-failure behaviour. The post failure behaviour was affected however, and 
included regions of controlled damage growth. This was ideal for examination using 
acoustic emissions sensors, and is covered later in section 5.3.4.4. First the 
delamination behaviour is discussed further. 
Figure 5.28 showed how the strain developed once the delamination initiated and grew. 
Also shown in this figure were the side-on images that coincide with these crosshead 
displacement stages, allowing the reader to visualise the deformation of the specimen. 
It could be seen that the protrusion of the local buckle was slight until it reached the 
non-linear stages of 2.4 mm and 4.3 mm crosshead displacement. The 6.1 mm 
crosshead displacement stage showed that the specimen failed via asymmetric core 
shear collapse and the protrusion of the local buckle decreased after this. Likewise, the 
εy and εxy responses decreased slightly, especially away from the delamination site. 
Overall, the high compressive and shear strains were isolated due to the local buckle, 
which was the result of the high variation in out-of-plane displacement (dz) in this area. 
It was not clear whether these present shear strains led to the slight delamination 
growth that was seen during the non-linear stages, as presented in Figure 5.29.  
 
Figure 5.29: Development of εy for linear and non-linear crosshead displacement stages of 
B_6.2_D30. Strains have been extracted along section line AA’ in Figure 5.28 and values do not 
incorporate the motion of the specimen.   
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Overall, these delamination deformation results highlighted the common type of 
behaviour that was observed with these specimens with incorporated delaminations, 
where the build up of strain was local to the delamination, leading to excessive strains 
in that vicinity, resulting in loss of linearity at lower global strains (as shown in Figure 
5.23) and eventually failure at lower load levels. In relation to real wind turbine loading, 
it may be expected to see higher levels of shear strain in the skin material due to the 
global blade deflection. It was believed that this would only increase the delamination 
growth by inducing mixed mode loads upon the discontinuity. These delamination 
results could be treated as conservative. An overview of the failure seen for the 
different sandwich column specimens is given next. 
 
5.3.4.3 Failure of Defect Specimens 
Presented in Figure 5.30 is a failure map that combined the average failure modes of 
the different types of sandwich columns and plotted them as a function of skin 
thickness and defect type. The failures recorded were those that caused loss of load 
bearing ability, rather than the subsequent fracture modes that occurred after peak 
load. Four different failure types were recorded and have been labelled alphabetically. 
Type A was core shear collapse due to global buckling; type B was core shear collapse 
due to local effects, including but not limited to the presence of a defect; type C was 
skin fracture; and type D was delamination growth, which typically led to a controlled 
reduction in load bearing capacity. When plotted in this map format the relation 
between different failure modes and the skin/core thickness ratio became apparent. 
The map can be split into sections, that may allow prediction of the type of failure that 
would occur when end loading of sandwich columns is applied, and a certain type of 
defect has been identified. 
One point that must be noted is that the y axis is not a quantitative scale, hence the 
map must strictly be considered qualitative. Yet it was believed that the scale was in 
order of increasing damage severity, especially when considering the results presented 
in Figure 5.24. Another point to consider was the variability of the results. The 
maximum variation of an individual failure mode was 30%, and the mean was 6%, with 
the median and mode value equal to 0%. The few specimens types that did exhibit 
variability were situated near the intersection lines in Figure 5.30, and some variability 
in those regions were expected. Presented next are the acoustic emissions results. 
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 Figure 5.30: Failure map for end loaded sandwich columns. Legend: A represents core shear 
collapse due to buckling; B represents core shear collapse due to local effects; C represents 
skin fracture; D represents delamination growth.  
 
5.3.4.4 Acoustic Emissions 
This section presents the acoustic emissions results obtained from experiments 
performed on end loaded sandwich columns. Shown first is the pre and post failure 
acoustic emissions from a perfect specimen, namely of type B_2.6_P. Following this, 
the acoustic emissions monitored is presented for a specimen with an incorporated 
disbond, namely B_2.6_DB.  
The previous section highlighted how the thinnest skinned specimens incurred skin 
fracture at the centre of the specimen, where strains were elevated due to flexural 
effects. This failure is shown in Figure 5.31a, where the skin was seen to have 
fractured as a result of excessive compressive strain. The DIC result confirmed this 
conclusion, and in particular the shear response allowed identification of the precise 
region where fracture occurred, as shown in Figure 5.31b. The two image stages 
represented pre and post fracture and what was visible were shear bands at roughly 
±45o to the vertical, where the matrix was straining against the compressive loading. 
This excessive shear in the matrix surrounding the fibres was confirmed as the cause 
of fracture. 
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Figure 5.31: a) Shear fracture of skin fracture post buckle; b) εxy (degrees) pre and post 
compressive skin fracture. 
Although DIC had been useful in identifying the causes of the skin fracture, it was 
hoped that the AE system would be able to indicate internal damage. The result was 
shown by Figure 5.32, where a contour plot relates the number of events and 1D 
location of those events to the time trace of the experiment. Here and event, or hit, 
represents a noise signal that is louder than a certain threshold level and inside a 
predefined frequency range. Using the DIC out-of-plane displacement results, it was 
determined that buckling occurred at 43 seconds, whilst fracture occurred at 63 
seconds. For this experiment, the AE sensors were attached to the skin that did not 
fracture, yet activity was also detected on this side, showing that damage was 
occurring on both sides. However, there was no indication of any other damage 
occurring during the buckling event, and thus it was deduced that prior to fracture, the 
tensile skin of the specimen was shearing without fibre, matrix or adhesive bond line 
fracture (note that the foam core insulates against sound). 
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Figure 5.32: AE events as a function of location and time for buckling sandwich specimen
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Figure 5.33: a) Fracture of de-bond specimen; b) Principle strain ε1 for de-bond specimen. 
The next set of acoustic emission results were extracted from a test performed on a 
sandwich specimen with an incorporated disbond. The failure procedure for the 
specimens started with a local buckle along the length of the PTFE tape, followed by 
growth of the defect along the adhesive bond line underneath the defect. This led to a 
critical point where the defect started to grow though the core of the specimen, which 
was likely to be due to the highest level of shear being transferred from the bond line to 
the core after a build up of deformation. Following this crack growth, the specimen 
fractured along a line of high shear in the core, again due to excessive shear in this 
region, which resulted in the final failure of the specimen. These processes are visible 
in Figure 5.33a. 
When examining DIC evaluated strain on the disbond specimen, there seemed to be 
little evidence of damage propagation in the stages prior to the macro buckle. This was 
highlighted in Figure 5.33b, which showed the principle strain variation in the stages 
pre and post the macro buckle event. Overlaid on these strain contours were the 
directions of principal strain ε1 for each facet (black arrows), and the figure showed that 
there was no visible impact of the underlying defect on the surface strain. It was 
concluded that the disbond only affected the specimen deformation and damage 
propagation after it had buckled, which complied with the results presented in Figure 
5.24. 
For this experiment the two AE sensors were attached to the same skin as had the 
PTFE tape, and were separated by 140 mm, working simultaneously to identify the 1D 
location of the AE hits. This data is first analysed in the time trace of Figure 5.34, which 
has excluded location data, but has included the load. The sequence of events that 
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occurred had been filmed with a video camera and these events were overlaid onto the 
diagram. Note that it was deduced that there was an overlap of the de-bond growth and 
the growth into the core, between ~53 s and 86 s. The frequency of AE hits occurring 
was calculated using the same technique as when producing a histogram (i.e. split the 
time trace into bins, and summate the hits occurring within the bin limits).  
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Figure 5.34: Load and AE hits (histogram) vs. time for de-bond specimen. 
It was recorded that there were no hits occurring prior to any damage in the material 
which confirmed the result from DIC. During normal disbond growth the emissions were 
at a low level, with only the disbond event (27 s) causing a significant response. This 
indicated that the crack growth rate was slow and controlled and energy release rates 
were low. Once the crack growth entered into the core (56 s) the emissions released 
seems to pick up and a step change in activity was recognized. When the skin shear 
effects started to dominate the deformation of the specimen (between 86 s and 95 s) 
the activity again saw another step increase, which was coupled by a small drop in the 
load. The fracture event itself produced a short burst of activity, after which the 
specimen had reached final failure and emissions ceased. 
These differences in the amount of hits recorded were useful in determining what 
damage is occurring in the material. However, with this type of material there is often 
likely to be confusing signals, and thus other parameters should be examined. The 
evolutions of all recorded parameters for the AE test are shown in Table 5.3, where the 
value has been averaged across the type of damage occurring. Generally it can be 
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seen that when the damage was in the core, the AE response was greater. For 
example, there was a small increase in the average rise time from damage growth 
along the bond line alone to when it was also growing into the core. Following this there 
was a large increase in the rise time as the damage grew in the core alone. This trend 
was repeated for the all parameters recorded, and the result generally underlined the 
complexity of the damage progression when a material defect was present. Moreover, 
this result was beneficial when considering the implications of blade inspection and 
maintenance, as these remote sensors could be used to determine what type of 
damage has occurred in the blade, even if it was unable to detect the damage prior to 
the component buckling.  
Table 5.3: Evolution of average AE parameters for de-bond specimen. 
Rise Time
(us)
Count Energy Duration
(us)
Amplitude
(dB)
Disbond growth 76 18 13 356 55
Mixed disbond & 
core growth 91 20 19 436 57
Core growth 167 33 58 719 61
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Figure 5.35: AE evaluated events plotted against 1D location between sensors and time for 
disbond specimen. 
Considering this concept further, these results have shown that once the disbond grew 
into the core, the load bearing capacity of the sandwich dropped significantly. Thus, if 
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in service such growth can be detected, actions can be taken to stop failure of the 
component, and possibly save a blade from catastrophic failure. If this were achieved 
then measures could be made to repair/reinforce the blade, and the expense of this 
maintenance could be reduced if the location data is established by the AE system. 
This concept was shown for this disbond specimen in Figure 5.35, where the three 
different phases of damage are shown well on this diagram. What was also visible was 
the travel of the damage along the specimen away from the centreline between 56 s to 
82 s.  
This motion was better visualized when comparing it to the DIC evaluated strain shown 
in Figure 5.36. This figure showed how the damage initiated as a local buckle at 27 s, 
with regions of compressive strain where the crack front is. By 58 s the degree of strain 
had developed to higher levels with evidence of slight growth. By 83 s the growth was 
quite obvious and at 93 s the strain had dropped to lower levels but the defected region 
had spread across a much larger region. The one aspect which was not discernable 
with this result was where exactly in the specimen the damage was occurring, i.e. in 
between layers or along the bond line etc. This is a general issue when using a surface 
NDE technique to analyze sub-surface damage.  
This was also an issue when considering Figure 5.35 in isolation without the results 
from Table 5.3, as it is a 1D result. However, it does show that when the crack front 
grew through the core and even when the core is suffering high levels of shear 
deformation and fracture, there is still damage being incurred at the centre of specimen 
where the PTFE tape was. This was due to the skin’s continued deformation post 
buckle in this region, as highlighted in the DIC image stages in Figure 5.36. 
  
Figure 5.36: εy for five image stages for disbond specimen. 
One aspect that was apparent was that the AE location data did not match exactly to 
the DIC and there seems to be a difference of up to 20 mm. This difference could be 
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attributed to imprecise measurement of the distance between the two sensors, or the 
inaccuracy of the value of speed of sound in the medium, or even DIC being unable to 
detect the underlying deformations such as shear in the core. As this was a 
demonstration experiment the theory was being tested rather than the precision and 
these issues should be addressed by future experiments. However, the results did 
show that the technique has potential for helping to identify critical damage in a wind 
turbine blade, and when used with the DIC technique the underlying reasons of why a 
component failed could be identified.  
 
5.4 Summary 
This chapter has presented the results from the non-linear testing of glass fibre foam 
core sandwich material, which was representative of the web material in a wind turbine 
box girder. This section summarises the key findings of this set of testing, including the 
four-point flexure results, the end loaded column buckling experiments, and the 
acoustic emissions monitoring.  
The four point flexure results were affected by the rollers used to impose the bending. 
Many variations of test rig were trialled, but the effect could not be alleviated, and the 
DIC evaluated strain plots demonstrated the degree to which the material behaviour 
was governed by the fixtures. Yet this allowed a rigorous presentation of the usefulness 
of the DIC technique in measuring the deformation of this lightweight material. These 
results included analysis of core shear fracture and indentation prior to failure loads, 
the former of which is a relevant failure mode for wind turbine loading. The DIC 
evaluated strains were used to provide estimate for failure strains for the different types 
of material. Overall the tests were beneficial for the understanding of the material 
behaviour. 
With this initial set of testing performed, thorough experimentation was used when 
encouraging buckling of a sandwich column. This non-standard test method isolated 
the compressive loads placed upon the sandwich webs when under Brazier’s crushing 
pressure. Although the linear behaviour of these specimens did not provide any insight 
into the material behaviour, the non-linear behaviour showed that the skin-to-core 
thickness ratio determined the ultimate failure load (which tied in reasonably well with 
theoretical predictions), as well as the type of deformation that the specimen endured, 
 153
and led to a specific type of failure. 
When testing the specimens with pre-installed defects it became apparent that a 
disbond had no real impact on the behaviour of the material prior to failure, although it 
was important in post failure behaviour. On the other hand, a delamination reduced the 
load bearing capacity significantly and also there appeared to be a size effect, where a 
larger delamination led to a larger loss in load bearing capability. The delamination did 
cause an early onset of non-linear behaviour and the effects on surface strain were 
detected using the DIC setup. Furthermore, a failure map was created based on the 
experimental data, which would allow prediction of the type of failure that may occur for 
a web if a defect was detected in it, when loaded under purely compressive loads. In 
regards to the applied loading, it was argued that the results presented were 
conservative, as the addition of shear due to global blade flexure would enhance the 
types of damage mechanisms presented.  
The results from use of AE monitoring did not measure any detectable type of damage 
occurring as a result of pre-failure deformation. Instead, the acoustic emissions only 
occurred after ultimate failure. However, these results demonstrated well the capability 
of this NDE technique to measure specific changes in damage growth in this 
lightweight material. Additionally, the location and parametric data presented allow the 
reader to easily visualise how this technique would be useful when used in-situ on a 
wind turbine blade, potentially for condition based monitoring.  
Overall these results were generally relevant for the understanding of the non-linear 
behaviour of wind turbine blade material. They also demonstrated well how the various 
techniques could be of a major benefit for various stages in the life-cycle of a wind 
turbine blade. This concludes the presentation of the testing results of the sandwich 
material. The next chapter will present the results from the testing of the box girder cap 
material. 
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6 Deformation and Failure of the Cap 
6.1 Introduction 
This chapter presents the result of the experimentation performed on the cap material 
extracted from a full blade box girder. Presented in this introduction first is a review of 
the experimental methods, followed by the structure of the remainder of this chapter. 
6.1.1 Review of Experimental Method 
6.1.1.1 Flexural Testing 
As mentioned in section 3.5, the cap undergoes flattening due to the Brazier effect, and 
to test this flexure was deemed a suitable method. To simplify the experiments, three-
point testing was conducted, which was later developed into a distributed loading 
experiment using a custom rig that increased the surface area of contact as the 
experiment progressed, with a maximum crosshead displacement of 18 mm. Testing 
was conducted on a Mayes 250 kN screw driven testing machine, where the bottom 
head was displacing whilst the top head with the load cell was static. The bottom head 
contained the outer rollers and a constant displacement rate of 0.4 mm s-1 was chosen, 
which is an intermediate testing rate. The load cell was set to measure loads in the 
range ± 50 kN. The range of motion of the displacing head was set to ± 50 mm. DIC 
was used to identify the surface strains of the cross-section of the cap specimens and 
full details of the testing parameters is included in section 3.5. 
6.1.1.2 Specimen List 
A list of specimens discussed in this chapter and the testing applied to them is given by 
Table 3.5. The labels have been given to easily identify the parameters applied to each 
specimen, where the first “C” shows that it is a cap specimen. The second character 
shows what type of loading it was subject to, where “3” is three-point and “D” is 
distributed. If a number is given after this then it represents the displacement rate 
applied if not 0.4 mm s-1. This is because a small rate dependency study was 
performed. If an “R” succeeds the loading arrangement identifier this means the 
specimen was reinforced, where “W” represents the “wire” reinforcement and “L” 
represents the reinforcement being added to the existing layup. Details of these 
reinforcement types are included in section 3.5.1. For clarity, only one instance of each 
specimen is shown, although repeat tests were made. 
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Table 6.1: List of cap specimens test results referred to in this chapter. 
Specimen 
Identifier 
Width 
(mm) 
Loading 
Arrangement 
Outer Span 
(mm) 
Displacement 
Rate (mm / s) 
Reinforcement 
C_3_8.3 75 Three-Point 400 8.33 none 
C_3_0.83 75 Three-Point 400 0.83 none 
C_3_0.33 75 Three-Point 400 0.33 none 
C_3 75 Three-Point 500 0.4 none 
C_D 75 Distributed 500 0.4 none 
C_D_RW 75 Distributed 500 0.4 3 UD layers: “wire” 
C_D_RL 75 Distributed 500 0.4 2 UD layers: 
“layup” 
 
6.1.2 Structure of Chapter 
This chapter has been organised to present the load response of the various tests first, 
excluding the “wire” reinforcement. The linear deformation of the three and distributed 
loading arrangements is then presented, followed by the non-linear behaviour. The 
failure path of the unreinforced specimens is briefly discussed after this. The next set of 
results explored how the reinforcement changed the response of the cap which is 
followed by a summary of the results.  
 
6.2  Load Response  
6.2.1 Load-Displacement Curves 
The result presented by Figure 6.1 was the load response of the cap specimens loaded 
in three-point and distributed configurations. Plotted alongside this was the elastic 
theoretical load response for the two loading configurations, calculated using equations 
(6.1) and (6.2) up to a crosshead displacement of 10 mm. These were derived using 
beam theory, that is included in many solid mechanics literature such as [88], and will 
not be repeated in this document. Note that the theoretical result for distributed 
configuration has been calculated with an increasing level of distribution as per the 
experiment and varies non-linearly and has a close resemblance to the three point 
theoretical result initially.  
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Where: 
EI∑  = sum of flexural rigidities of the various laminate layers calculated from 
the laminate centre. 
Lcontact = the length of rig in contact with specimen 
Lnon-contact = the length of rig not in contact with specimen 
 
Figure 6.1: Load-displacement graph for three-point (C_3) and distributed (C_D) loading of cap 
specimens. Plotted alongside are the theoretical results for flat composite specimens.  
Overall, the theoretical results are greater than the experimental results well, although 
both sets showed that the load response of the distributed arrangement is greater than 
the three point arrangement. Additionally, both result sets were close due to the level of 
distribution being small for the majority of the displacement of the distributed loading 
arrangement, making it physically similar to a three point load. When the distribution 
increased significantly, e.g. at 15 mm crosshead displacement the level of contact was 
approximately 50% of the loading rig surface, then there was a divergence of the 
loading responses. Furthermore, fracture occurred in the case of C_3 at 15.9 mm 
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crosshead displacement. However, the test for C_D was stopped at 17.8 mm 
crosshead displacement to ensure the rig was not damaged by transfer of load onto the 
rig rather than the specimen.  
These load-displacement graphs have been compared to the box girder section testing 
results that were presented in section 4.2.1 in Figure 6.2, and overall the deformations 
were similar. Note that the two experiments used differing spans so a like-for-like 
comparison cannot be made, but a close approximation is expected. For the linear part 
of the graph (up to 12.4 mm), the stiffness of the cap specimens matched that of the 
box girder, which demonstrated that the elastic response of the box girder was reliant 
on the cap deformation.  
 
Figure 6.2: Load vs. displacement comparison between 3 point and distributed loading of an 
individual cap, as well as the box girder section tested, cf. chapter 4.  
For the non-linear portion (12.4 mm upwards), the cap results diverged from the box 
girder section results, where the stiffness of the cap specimens was less than the box 
girder cross-section specimen. The reason for this divergence was the presence of the 
web, and can be better visualised by considering Figure 6.3. Here it was observed that 
when the cap was loaded in isolation, the transverse deformation (dx) was restricted 
due to friction at the rollers, whereas it was more easily available for the box girder 
section specimen due to the presence of the webs. This encouraged a spread of 
damage across the length of the cap in the box girder section specimen, rather than 
being concentrated in the centre, as with C_3. As the load became more disperse for 
C_D, the stiffness of this specimen eventually increased again to match that of the box 
girder section specimen. This happened between 15.5 mm and 17.8 mm when the test 
was stopped. 
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Figure 6.3: Schematic of cap loading situation: a) The cap tests presented in this chapter; b) 
Simplification of cap loading when in a box girder. 
An additional difference between the C_3 and the box girder section specimen 
experiments was that a greater striker displacement was sustained for the box girder. A 
likely reason for this was that the webs of the box girder specimen allowed the extra 
deformation and damage of the specimen prior to fracture of the cap, whereas the 
damage was concentrated and built up to fracture inducing levels in C_3. A second 
reason was due to of the delamination growth in the box girder section specimen, as 
described in section 4.2.3. Another potential reason for this difference was that the 
caps tests occurred at more than twice the displacement rate than the box girder 
section test, however, the next section showed that this was unlikely to cause a major 
issue. 
 
6.2.2 Displacement Rate Comparison 
 
Figure 6.4: Displacement rate comparison of load vs. displacement plots for cap specimens 
under three-point loading. 
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This section deals briefly with the possible differences in specimen response arising as 
a result of displacement rate selection for testing. Figure 6.4 showed the load vs. striker 
displacement traces of the cap specimens loaded under three-point geometry, plotted 
as their respective testing rates. Clearly, there did not seem to be any significant 
difference between the initial slopes or the peak load. The main dissimilarity observed 
was a 5% difference in ultimate load between the specimens tested at 0.33 mm s-1 and 
the 8.33 mm s-1. This difference could be tolerated as the result of material 
imperfections. The other difference between these results and those presented in 
Figure 6.1 was the load levels achieved, where these specimens carried approximately 
15% less load. This was due to these specimens being slightly thinner and less curved 
than C_D and C_3, and the DIC results proved that fracture occurred at similar strains.  
To further substantiate the insignificance of the intermediate displacement rate chosen, 
the DIC evaluated bending strains for the three specimens were extracted along the 
centreline at a load of 7.8 kN, and were plotted in Figure 6.5. Although there were 
disagreements in strain values for the very top and bottom of the specimen (due to 
edge effects described in section 5.2.2), there was close agreement in the majority of 
the specimen. The values of the slope evaluated away from the edges of the specimen 
for C_3_8.3, C_3_0.33 and C_3_0.83 was -5.72, -5.65 and -5.45 respectively, although 
the value of this slope is not significant in itself. This was an important result showing 
that in the intermediate displacement rate range, the DIC results were not significantly 
influenced by the rate of deformation. However, these results are not representative of 
low (c.a. 0.02 mm s-1) and high (c.a. 100 mm s-1) displacement rates, where tests on 
composite specimens have shown a relation of strain rate to flexural energy, [126]. 
Related to the loading of wind turbine blade components, the results allow some 
flexibility in testing of specimens in the intermediate displacement rate range, and 
represent the bulk of displacement rates expected in practicality [5]. 
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 Figure 6.5: Bending strain sections for three-point cap specimens, plotted as displacement rate. 
 
6.3  Linear Deformation 
This section addresses the deformation seen across the cap specimens during the 
linear portion of loading. This was up to a crosshead displacement of 9.3 mm for both 
distributed and three point specimens (C_D and C_3 respectively). Presented first was 
the DIC evaluated bending strains, followed by section strain graphs of the distribution 
of strain across the mid-section, highlighting the neutral axis. 
 
6.3.1 Bending Strain DIC Plots 
The bending strain (εx) across the surfaces of the cap specimens loaded in three-point 
and distributed arrangement were shown by Figure 6.6 for three linear loading stages. 
The strains were evaluated using 2D DIC and the actual strains were overlaid on the 
raw images taken as described in section 3.2.3.4. Also shown was the strain variation 
across the distributed loading rig. It was observed that during all loading stages the rig 
did not incur any significant strain. It was observed that there was an expected 
distribution of strain across the centre of the specimen, where the upper side 
experienced compression, whilst the lower side experienced tension. Additionally there 
was a concentration of thin tension “strips” on the lower side. These are better seen in 
Figure 6.7, which is a close-up evaluation made possible by using a second camera as 
explained in section 3.5.2. 
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 Figure 6.6: Comparison of DIC evaluated bending strains (εx) for threes point and distributed 
loading arrangements during linear loading.  
  
Figure 6.7: Close-up comparison of bending strain (εx) between C_3 and C_D for linear loading 
stage of 9.2 mm crosshead displacement. The close-up regions are highlighted in the full 
images shown in Figure 6.6.  
The most striking feature that was observed in Figure 6.7 was the high tension parts of 
the specimen which were concentrated to thin strips. Physically these represented 
matrix cracks that occurred due to tensile stresses in the x direction resulting from the 
flexure imposed. Figure 6.6 displayed these cracks at low loads in what was deemed 
A B 
B’ A’ 
Compression 
Tension 
Tension “strips” 
representing 
matrix cracks 
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as the linear region of loading. Yet the onset of these cracks should initiate non-linear 
loading and it was deduced that prior to the experiment, these specimens had been 
subjected to excessive bending stresses resulting in these pre-cracks. This was 
possible since the specimens were extracted from a pretested box girder, and hence 
the defects cold have arisen in the experiment, or more likely during transport of the 
specimens. This could explain the difference in moduli between the theoretical and 
experimental seen in Figure 6.1. Regardless, the specimens were still relevant as they 
remained linear at a reduced modulus until the matrix cracks started to grow. This 
growth then led to non-linear effects and will be covered in section 6.4.  
Considering the results in Figure 6.7 again, the DIC plots were somewhat confusing as 
they showed the cracks as being under positive bending strain, whereas the strain 
across a discontinuity should be zero. The reason for the high strain was due to the 
patterns on both sides of the crack moving away from one another and it seemed as if 
the thin crack was straining. Higher resolution (pixels per inch) would result in this 
effect being reduced and at very high resolution DIC should be able to show zero strain 
on the crack itself. However, the DIC result did correctly show zero strain either side of 
the surface crack where the pattern shouldn’t be straining in the x direction. Thus it had 
been shown that DIC was able to detect matrix cracks as discontinuities in composite 
layered specimens. 
Also seen in Figure 6.7 was a slight difference in the distribution of compressive strain 
between the specimen loaded in three-point arrangement and that loaded under 
distributed configuration. The level of matrix cracking was closer to the compressive 
side of the specimen and more disperse for C_3. This was due to the three-point striker 
concentrating the loading in one location and so the bending moment would peak in the 
centre and produce greater stresses, whereas the distributed loading would result in a 
flatter bending moment peak, as observed in Figure 6.8. Hence, it was logical to have 
seen the strain response being higher for the three-point arrangement. The effect of 
this difference on the neutral axis is considered next. 
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Figure 6.8: Distribution of bending moment comparison between three-point and distributed 
loading. 
 
6.3.2 Comparison of Neutral Axis 
It was seen in Figure 6.7 that the high level of compression was confined to a narrow 
region, close to the loading fixture. This was an implication of the reduced tensile 
modulus post matrix crack initiation forcing the neutral axis closer toward the 
compression side. The effect was visible for the 9.2 mm crosshead displacement stage 
shown in Figure 6.9, which was a plot of the bending strain extracted along the 
specimen centreline for both of the specimens loading configuration. The three point 
result was showing a higher bending strain response, which indicated a higher bending 
stress response, which was a result of the higher central bending moment shown in 
Figure 6.8.  
It was also seen in Figure 6.9 that the neutral axis was at approximately 26 mm from 
the bottom of the specimen, which meant only 22% of the specimen was in 
compression at this striker displacement. The materials data sheet [120], suggested 
that the compressive strength had not been exceeded at this point, and thus there was 
unlikely to be any compressive side damage. However, the transverse tensile modulus 
of the UD layers had been exceeded due to the existing cracks allowing higher strains 
during the linear portion of loading. The non-linear deformation is addressed next. 
 
 164 
 Neutral 
axis 
Figure 6.9: Variation of bending strain (εx) for a striker displacement of 9.2 mm. Strains have 
been extracted along lines AA’ and BB’ for C_3 and C_D respectively, as per Figure 6.6. 
 
6.4 Non-Linear Deformation 
6.4.1 Development of Damage 
6.4.1.1 Crack Growth 
The development of bending strain (εx) for the specimens was shown in Figure 6.10 for 
the non-linear stages. It was seen that the degree of cracking increased drastically, as 
indicated by the high tension “strips”, as explained in section 6.3.1. These cracks grew 
toward the top of the specimen, as well as away from the centreline. It was this growth 
that initiated the non-linearity of the loading response. This growth was caused by the 
bending strain in the UD layers exceeding the fracture strain, and caused the matrix 
material to separate, a Mode-I fracture. It was a result of the rising bending moment for 
both specimen types. This increase was substantiated by considering the non-linear 
increasing load response presented in Figure 6.1. This load continued to increase until 
fracture or the test was stopped, which resulted in sustained growth of the cracks until 
the end of the displacement ramp. Note that an extra stage has been shown for C_D 
as it went to a higher cross head displacement.  
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 Figure 6.10: Development of DIC evaluated bending strain (εx) during non-linear load response 
for cap specimens loaded in three-point and distributed loading configurations (C_3 and C_D 
respectively). 
This crack growth could be seen in Figure 6.11 which presented the principle strain (ε1) 
for a stages pre and post the point of non-linearity for the specimen loaded under 
distributed loading configuration. In addition to these plots, an image has been 
formulated to show the difference between them using Adobe® Photoshop® CS3 
[105]. Here the white/lighter parts show that a crack is present in the 9.5 mm crosshead 
displacement stage, where it was not in the 9.2 mm stage. After interrogating the DIC 
results it was concluded that when the strain in the matrix exceed 4000 micro-stain 
then Mode-I crack growth occurs, which complied with the materials data sheet [120]. 
The effect on the neutral axis is considered next. 
 166 
 White parts 
represent 
crack growth 
Figure 6.11: Comparison of principle strain (ε1) observed on cap specimen loaded under 
distributed configuration for linear (9.2 mm) and non-linear (9.5 mm) displacement stages. Also 
plotted was the colour difference between these two, where black represents zero difference 
and white represents high difference. 
6.4.1.2 Effect on Neutral Axis 
To analyse the effect of this increasing damage on the bending response of the cap, 
Figure 6.12 presented how the bending strain (εx) varied across the specimen 
centreline for four non-linear stages, for the specimen loaded under distributed loading 
configuration (C_D). It was observed that the neutral axis shifted from 24.3 mm to 28.6 
mm from the bottom of the specimen between the non-linear stages of 11.1 mm and 
17.3 mm crosshead displacement. This was clearly the result of the matrix crack 
causing increasing tensile deformation, which was not matched by increasing 
compressive deformation. In fact, there was no further development of compressive 
strain during the non-linear portion of loading although an increase in the tensile 
behaviour was seen. 
Scrutinizing the tensile behaviour, it was observed that the bottommost 40% of the 
specimen had roughly uniform strain, which was part of the non-linear effect incurred 
by the cap. There was also a dip at the bottom of the specimen. This may have been 
the result of edge effects, as described in section 5.2.2, or the high levels of damage 
causing anomalous strain results. Another observation was that the strain observed for 
the 17.3 mm crosshead displacement stage closely matched the 15.6 mm stage, even 
though the respective absolute loads were 12.5 kN and 10.7 kN. This was because the 
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damage started to develop away from the centreline (BB’ in Figure 6.6) as the loading 
became more disperse. The bending moment therefore became increasingly constant 
across the central region as it changed from resembling a three-point arrangement to a 
distributed arrangement, as per Figure 6.8. This also led to other types of damage 
across the cap, such as delamination growth, which is discussed next. 
 
Approximately 
uniform strain 
across 
bottommost 40% 
Figure 6.12: Progression of bending strain profile along section line BB’ (see Figure 6.6) during 
non-linear loading for cap specimen loaded in distributed configuration.  
6.4.1.3 Delamination Growth 
Presented in Figure 6.13 was a comparison of the principle strain (ε1) for two non-linear 
stages for the cap specimen under distributed loading configuration. One key 
difference was that there was a higher level of matrix cracking for the specimen during 
the 15.6 mm crosshead displacement stage, which was also seen in the results 
presented in section 6.4.1.1. Another difference was the presence of a single 
delamination in the 15.6 mm stage, which was barely evident in the 11.1 mm stage. 
What was witnessed in between these stages was a growth of the delamination, 
especially when looking at the close-up images. Closer examination of the specimen 
revealed that the delamination was already present prior to testing. However, it did 
grow during the non-linear loading stages. The shear angle around this growth was 
shown well by Figure 6.14. The strain field around the crack tip seemed to indicate that 
the crack growth was Mode-II as the principle strain distribution matched the shear 
angle distribution, indicating that high interlaminar shear stresses between the UD and 
biaxial layer were the main cause of the growth.  
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 Delamination 
Figure 6.13: Development of principle strain (ε1) during non-linear loading for specimen under 
distributed loading configuration. 
 
Figure 6.14: Shear Angle (degrees) variation for C_D for two non-linear loading stages. 
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 High stress region 
along biaxial layer 
Delamination between 
UD and biaxial layers 
Figure 6.15: Principle Strain (ε1) for C_D for a crosshead displacement of 17.3 mm.  
This result was very similar to that observed in the box girder section specimen tests as 
described in section 4.2.3. What both sets of results confirmed was that the growth was 
initiated by the elevated stress field of a pre-existing defect. Aside from this pre-defect 
growth, if the principle strain results in Figure 6.13 were again examined, it could be 
seen that there was significant delamination damage in the vicinity of the matrix cracks. 
This was more clearly visible in Figure 6.15, which showed the principle strain (ε1) of 
the cap specimen under distributed loading configuration of a crosshead displacement 
of 17.3 mm, which was just prior to the end of the test. In this figure, there were 
numerous delaminations, although most of these were concentrated around the bottom 
of the specimen, where the highest bending strains were. It was also observed that the 
delaminations occurred between the biaxial and UD layers. In fact, closer examination 
of Figure 6.15 showed that there were high strains along the biaxial layers and that 
although the matrix cracks did manage to pass through these layers, the biaxial layers 
themselves still held the majority of the bending load.  
When the delaminations occurred between layers in a laminate, it was typically the 
result of interlaminar shear stress. With a bending strain variation across the specimen 
thickness, as per Figure 6.12, there was an opportunity for sufficient shear stresses to 
arise in-between the layers, especially with a curved specimen [127]. Yet the 
interlaminar shear strain distribution should place the highest shear strains in the 
centre of the specimen thickness, a result derived from simple beam bending analysis 
included in references such as [88]. Yet, as mentioned previously, the delaminations 
occurred on the tensile side of the laminate and there must have been interference 
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between the matrix cracks and the delamination. This could be better visualised by 
considering Figure 6.16. This figure displayed the concept researched by Wang and 
Karihaloo, [128], where the stress field ahead of the crack tip superimposed on the 
interlaminar strains to cause Mode-II delaminations at lower loads than if the matrix 
cracks were not present. However, the DIC images were capturing too large a field of 
view to prove this effect. The differences between the two loading arrangements are 
considered next. 
 
 
Stress field ahead of matrix crack 
interferes with interlaminar stresses 
Matrix crack 
Figure 6.16: Interaction between matrix cracks and interlaminar shear stresses. 
6.4.2 Difference between Distributed and Three-Point Loading 
Responses 
A brief comparison of the three point and distributed loading configurations is made 
here. Figure 6.17 showed the bending strain response of the cap specimens under the 
two configurations well into the non-linear loading range. It was at this point that 
distribution started to increase greatly for C_D, and it was almost at 200 mm for this 
stage. One key difference between the two results is in the distribution of the matrix 
cracking, where C_3 saw cracks closer to the compressive side, whereas C_D had 
matrix cracks further away from the centre line. This complied with the assumed 
bending moment distributions shown in Figure 6.8, where the higher bending moments 
in the centre for C_3 will lead to a higher concentration of cracks in the centre.  
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 A 
A’ 
Figure 6.17: Comparison of bending strain (εx) for cap specimens loaded under three-point 
(C_3) and distributed (C_D) configurations, for a striker displacement of 15.6 mm. 
An additional observation was that both specimens saw matrix crack induced 
delaminations close to the bottom of the specimen. However, the number and 
dispersion of delaminations was higher with C_D, again due to the distribution of 
loading. This effect was quantified in Figure 6.18 by comparing the difference in the 
number of cracks detected between the 11.1 mm and 15.6 mm crosshead 
displacement stages. It was visible that between these two non-linear stages, the 
three-point configuration saw a higher level of matrix crack growth concentrated at the 
striker, whereas the growth was much more disperse for the distributed loading 
configuration.  
To summarise, the distributed loading head allowed a greater dispersion of matrix 
cracks to be seen, which produced a higher level of delamination. Additionally, higher 
loads could be achieved, as shown in Figure 6.2, which was due to this greater 
dispersion. When comparing the two loading configurations to a pressure type load, it 
was clear that the disperse nature of damage more closely matched with what would 
occur with the Brazier effect in isolation. The distributed loading configuration was 
therefore a better representative of the Brazier effect.  
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 Figure 6.18: Comparison of distribution of increase in matrix crack growth for cap specimens 
loaded in three-point (C_3) and distributed (C_D) configuration. The difference was calculated 
between the 15.6 and 11.1 mm crosshead displacement stage. 
 
6.5 Failure 
This section addresses the failure of the cap specimen loaded under three-point 
configuration. Note that the specimen under distributed loading configuration was not 
tested until failure as mentioned in section 6.2.1, and the failure mode can only be 
speculated upon. 
 
6.5.1 Failure Cause 
As discussed in sections 6.3 and 6.4, the cap specimen loaded under three-point 
configuration was subject to matrix cracking in the UD layers on the tensile layer, which 
was heavily concentrated underneath the roller. As these cracks continued to develop, 
the UD layers became increasingly incapable of holding bending stresses (σx), which 
was thus transferred to the biaxial layers. This effect was visible in the stages leading 
up to failure, and was visible in Figure 6.17. These results have been quantified in 
Figure 6.19 using the DIC section extraction tool, where the bending strain has been 
extracted from section line AA’ in Figure 6.17, for a striker displacement of 15.6 mm. 
What this graph showed was that the bending strain response had high changeability 
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as it varies from the compressive to the tensile side (33.33 mm and 0 mm respectively), 
almost resembling a noisy result. However, the majority of the observed “peaks” along 
the curve coincided with biaxial layers, whereas the “troughs” coincide with the middle 
of the 3 UD layer set. 
 
Biaxial layer 
Figure 6.19: Bending strain across section line AA’ in Figure 6.17 for the cap specimen loaded 
under three-point configuration for a striker displacement of 15.6 mm. 
As the deformation developed further, the tensile strength of biaxial layers would 
eventually be exceeded and fracture, and this was the cause of failure for C_3. The 
bending strain pre and post failure is presented in Figure 6.20, and it was seen that a 
high level of strain was present prior to fracture. Post fracture there was still a high 
level of strain, but it was above the fractured region as the fractured layers could no 
longer contribute to the bending resistance. This result better explained the failure of 
the box girder section specimen, as described in section 4.3.1, and it was deduced that 
matrix cracks must have arisen in those caps also. It was probable that the high level of 
matrix cracking in C_D would have also led to this type of failure, although this 
specimen had also incurred higher levels of delamination, which may have caused a 
critical delamination failure. Unfortunately there is not enough information to be able to 
make this distinction. 
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 Fracture of 
biaxial layer 
Figure 6.20: Pre and post fracture bending strain (εx) for cap specimen loaded under three-point 
configuration. 
 
6.6  Reinforced Cap 
As a development of the full blade tests performed at Risø-DTU, [4], a need to address 
the transverse strength has been identified. Also, the cap tests performed for this 
research has identified the cause and development of failure for these components 
loaded under the Brazier effect. As explained in section 3.5.1, the full blade tests used 
steel wires to reinforce the transverse strength. However, to produce a more realistic 
solution this research tested two reinforcements manufactured from epoxy infused 
GFRP, the result of which are the topic of this section. The presentation of these 
results will be as a comparison of these two (namely C_D_RW and C_D_RL) against 
the unreinforced cap specimen (namely C_D). Presented first is a comparison of the 
load-displacement plots, followed by the evolution of damage differences, then finally 
the bending and shear responses. 
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6.6.1 Load-Displacement Plot Comparison 
A comparison of the influence of the different reinforcements was made by considering 
Figure 6.21, which compared the load responses against an unreinforced cap (a result 
identical to C_D in Figure 6.1). The key difference was that, as expected, the absolute 
loads seen by the reinforced specimens were higher than the unreinforced. As the level 
of reinforcement was higher in C_D_RW than in C_D_RL (3 layers as opposed to 2 
layers) then the load response was again expectantly higher for C_D_RW. The 
numerical absolute loads held by the specimens were given in Table 6.2, along with the 
absolute elastic stiffness, which was calculated as the change in load against change 
in displacement for the elastic parts of the loading curves. It was shown that the “wire” 
reinforcement design led to a 115% increase in the maximum absolute load, whilst also 
providing a 419% increase in the elastic stiffness. This was compared to a 60% 
increase in the maximum absolute load, and 107% increase in the elastic stiffness for 
C_D_RL. This difference showed that the “wire” reinforcement was the superior design, 
regardless that it contains 50% more reinforcing material.  
 
Figure 6.21: Comparison of load displacement plots of cap specimens. 
 
Table 6.2: Comparison of absolute loads and elastic stiffness for unreinforced and reinforced 
cap specimens. 
Specimen Maximum Absolute Load  
(kN) 
Absolute Elastic Stiffness 
(kN / mm) 
C_D 12.4 0.88 
C_D_RW 26.6 4.57 
C_D_RL 19.9 1.82 
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The cause of the superiority of C_D_RW compared to C_D_RL was because the “wire” 
reinforcement was not under flexure but under in-plane tension, whereas specimen 
C_D_RL increased the flexural rigidity of the cap rather than having an additional 
component. In other words, the benefit of including this “wire” reinforcement would be 
to act as a direct rather than component resistance to the displacement of the cap as 
shown by the sketches in Figure 6.22. Hence, to achieve a deflection v, a higher 
resistance must be overcome, resulting in a larger force needed. Thus, the differences 
in Table 6.2 between C_D_RL and C_D_RW are due to firstly C_D_RW having 50% 
more reinforcing material, and secondly a design advantage over C_D_RL. The 
consequences on damage evolution as a result of these reinforcements were 
considered next. 
Deflection, v, is 
controlled parameter 
σRL 
σR 
σC 
v v 
EC + ER 
ER 
EC 
Specimen will 
displace out due to 
global bending 
a b  
Figure 6.22: Sketch of stresses arising in reinforced cap specimen: a) stresses in “wire” 
reinforced cap with component; b) stress in cap with reinforcement in layup with component. 
 
6.6.2 Damage Progression 
6.6.2.1 Peeling of “Wire” Reinforcement 
Although the “wire” reinforcement provided a superior resistance, it was also subject to 
premature failure visible by the non-smooth curve in Figure 6.21. The main problem 
with this specimen was that the reinforcement had sufficient angle to peel away from 
the specimen, and due to the retrofitting nature of the manufacture, the bond quality 
between the two was poor. Therefore, initial peeling occurred at loads of 4.3 kN (1.1 
mm crosshead displacement), which corresponded to a stress across the 
reinforcement of 37 MPa, which is a comparatively low value in comparison to the 
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material used by the specimen manufacturers [120]. This disbond grew unstably until it 
reached the leading edge roller at a crosshead displacement of 2.1 mm. During this 
growth, the load remained constant. However, once it reached the roller, there was 
sufficient friction that kept the reinforcement in position and the high specimen stiffness 
was retained until 6.6 mm crosshead displacement when the reinforcement peeled 
away from the trailing edge side of the specimen. After this, the friction at the roller 
again kept the reinforcement in position allowing the load to build up at the same 
stiffness. 
 
Unstable disbond growth 
on leading edge side 
Complete disbond 
of reinforcement. 
The reinforcement has 
disbonded until the roller  
Figure 6.23: Images showing peeling of reinforcement for C_D_RW. 
The final failure of the reinforcement came after the reinforcement peeled away 
completely from the leading edge of the specimen, resulting in the drastic drop in load 
from 26.6 kN to 8.1 kN at a crosshead displacement of 8.9 mm. As the reinforcement 
was no longer bonded to the specimen at two points, it was unable to offer any useful 
reinforcement. Only a slight additional resistance was provided by the friction between 
the reinforcement and specimen, thus a slightly higher stiffness than the unreinforced 
cap post 9 mm crosshead displacement. Therefore, although an increased load 
bearing capacity was seen, the specimen was subject to peeling. The three peel stages 
are shown in Figure 6.23 with zoomed in sections on the actual joints.  
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6.6.2.2 Delamination Growth for “Layup” Reinforcement 
The specimen that was reinforced by retrofitting layers onto the layup was not subject 
to any peeling, even though the same surface treatments were applied. This was 
because the peel angle was 0o throughout the length of the reinforcement and this lack 
of peeling was reflected by a linear load-displacement curve shown in Figure 6.21. 
However, this specimen was the only cap loaded under distributed configuration to 
have critically fractured prior to stopping the test. This fracture was seen in the load-
displacement curve, where it followed on from a load plateau after 12.0 mm crosshead 
displacement and a load of 20 kN.  
  
Initial defect
Figure 6.24: Images showing delamination and collapse of C_D_RL. 
The cause of the fracture seemed to coincide with the growth of a delamination type 
defect that existed within the specimen prior to testing, as shown in the 11.5 mm 
crosshead displacement stage in Figure 6.24. The strains that developed at this load 
were sufficient to grow this delamination along the layer interfaces, and eventually 
cause critical through specimen fracture, as shown in the 13.6 mm crosshead 
displacement stage. The load-displacement curve in Figure 6.21 showed that after the 
defect growth, all further damage occurred at lower load levels, making the initiation of 
the delamination growth the critical factor for this failure. The differences in the strain 
results are considered next.  
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6.6.3 Differences in Strain Development 
6.6.3.1 Bending Response 
This section presents how the reinforcements changed the bending strain (εx) 
distribution of the deforming caps by comparing the DIC results of C_D, C_D_RW and 
C_D_RL. The comparison can best be seen in Figure 6.25 for all three specimens and 
some general similarities are visible, such as a compressive strain on the upper side 
and tensile features representing matrix cracking on the lower side. The differences 
start to appear in the 5.0 mm crosshead displacement stage, where, as compared to 
C_D, the degree of matrix cracking is reduced for C_D_RW and further reduced for 
C_D_RL. This was a key finding and showed that the reinforcement will reduce the 
onset of non-linear effects by impeding the onset of matrix crack induced 
delaminations.  
In the 9.2 mm crosshead displacement stage shown in Figure 6.25, the “wire” 
reinforcement has completely detached and it appeared that the surface area affected 
by matrix cracking increased by 30% compared to the previous DIC image stage (8.7 
mm crosshead displacement). This again signified the importance of addressing the 
peeling issue prior to installation. However, the “layup” reinforced cap specimen did not 
see a large sudden increase in matrix cracking at any stage. Instead, the 13.6 mm 
crosshead stage showed that there was a major loss of structural integrity for C_D_RL 
due to the build up of a cross-thickness delamination. Yet at this stage, the load was 
still high, holding at a level of approximately 18 kN, which was due to the reinforcement 
still being intact. The experiment was stopped prior to the critical fracture of that UD 
layer as it was clear the specimens load bearing capacity had been reduced.  
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To better understand the reinforcement’s affect on bending strain, the numerical data 
had been extracted for crosshead displacements of 5.0 mm and 9.2 mm, for the three 
specimens and was presented by Figure 6.26. To simplify the comparison, only the 
strain from central sections had been extracted, shown as lines AA’, BB’ and CC’ in 
Figure 6.25. As presented in sections 6.3 and 6.4, the unreinforced specimen C_D 
showed less compressive stain than tensile due to the matrix cracks. This behaviour 
was repeated for both of the reinforced specimens which displayed almost identical 
levels of compression. Furthermore, all specimens seemed to exhibit similar levels of 
tensile strain on the inner surface of the specimen (0 mm). 
 
High strain 
due to pre-
defects 
Increased 
tensile strain 
due to “wire” 
peeling 
Reduced 
tensile 
behaviour of 
C_D_RL 
Figure 6.26: Variation of bending strain (εx) across specimen centreline extracted along lines 
AA’, BB’ and CC’ shown in Figure 6.25 for C_D, C_D_RW and C_D_RL respectively, for 
crosshead displacements of 5.0 mm and 9.2 mm. 
A key difference observed with C_D_RL was that it exhibited a much reduced level of 
tensile strain than C_D until the bottom 10%, which was the result of a reduced matrix 
cracking in both stages presented. The effect was not noticeable with C_D_RW for the 
5.0 mm crosshead displacement stage. In fact, the 9.2 mm stage confirmed that there 
was 30% more matrix cracking in this specimen. This was due a potentially unstable 
fracture event after the reinforcement completely peeled, rather than the stable crack 
growth seen with C_D. An additional observation for the “wire” reinforced cap in the 9.2 
mm crosshead displacement stage was an anomalous strain at a position of 28 mm 
from the bottom of the specimen. This was due to the presence of a pre-defect in the 
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specimen causing high levels of delamination, also visible in the latter two stages 
Figure 6.25. This is discussed next in section 6.6.3.2. 
6.6.3.2 Shear Response 
When examining the bending results for C_D_RW, as shown in Figure 6.25, 
anomalous strains were seen across the specimen close to the compressive (upper) 
side of the cap. These strains were the result of high levels of pre-defects inside the 
specimen, which acted as delaminations in between a biaxial and UD layer. With the 
presence of the reinforcement the loads and therefore stresses in the component 
would be higher, whilst the Mode I growth of matrix cracks was reduced. To incorporate 
the increasing crosshead displacement, the specimen would try to deform via shear 
deformation, causing increased Mode II growth of the pre-defects, as compared to the 
unreinforced specimens. This growth is presented well in Figure 6.27, which gives the 
shear angle variation for four crosshead displacement stages for C_D_RW. Note that 
for small angles the shear angle can be equated to the shear strain, when quoted in 
radians [88].  
 
Figure 6.27: Development of shear angle (degrees) for increasing crosshead displacement for 
“wire” reinforced cap specimen (C_D_RW). 
In between the 8.7 mm and 9.2 mm crosshead displacement stages, complete disbond 
of the reinforcement occurred, and the shear behaviour slightly receded as shown in 
the zoomed in boxes. Thus it is suggested that the “wire” reinforcement would reduce 
the propensity for matrix cracking, but would also increase the shear stresses in the 
cap, leading to delamination growth. Yet, if the reinforcement were to fail prematurely 
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via peeling the cap would develop a high level of matrix cracks, which would interfere 
with these large delaminations, as explained for the unreinforced cap in section 6.4.1.3. 
This effect was observed with this test and was presented in Figure 6.28, which was 
the principle strain ε1 for C_D_RW at a displacement stage close to the end of the 
experiment. The zoomed in region was evaluated using a second camera with a slight 
offset and therefore the strain values were not precise, but display the general effect. 
The result showed that the there was a merging of strain surrounding the delamination 
tips and the matrix cracks, as well as matrix cracks developing around the 
delaminations, the result of the free surfaces. A final aspect that could be seen was the 
extra displacement that resulted from the matrix cracks, which allowed added 
deformation around the centre causing the delamination to grow across more than 50% 
of the specimen. Therefore, although the “wire” reinforcement has provided the 
increased properties shown in Table 6.2, after the reinforcement peeled, the specimen 
was comparatively more damage than the unreinforced specimen. 
 
Matrix crack 
influences 
delamination growth 
Figure 6.28: Principle strain (ε1) for “wire” reinforced cap specimen (C_D_RW) for a crosshead 
displacement of 15.6 mm.  
The cap specimen that was tested with the reinforcement incorporated into the layup 
(C_D_RL) had roughly 75% of the interlaminar pre-defects that were present in 
C_D_RW, and most of these were inadvertently filled in with epoxy during the 
reinforcing process. This prevented a similar build up of delamination that was 
witnessed with the “wire” reinforced specimen. Yet, there were a few pre delaminations 
present in C_D_RL when it was tested, and their growth was initiated when the 
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specimen load reached a certain critical level. Thus, as C_D_RL had a generally lower 
load than C_D_RW, as shown in Figure 6.21, the delamination growth occurred at later 
displacement stages, although the damage created was no less serious. The shear 
angle result highlighting this delamination growth for C_D_RL was shown in Figure 
6.29.  
 
Pre-
delamination 
Figure 6.29: Shear angle (degrees) for “layup” reinforced cap specimen (C_D_RL) for four 
different crosshead displacement stages. 
The delamination growth for C_D_RL was initially slow in the stages leading up to peak 
load, including the 11.1 mm crosshead displacement stage shown in Figure 6.29. Also, 
there was delamination growth along multiple UD/biaxial interfaces, all thought to 
originate from pre-defects. Coupled with this, matrix cracks appeared on the tips of the 
delaminations, which seem to have resulted due to the stress concentration field ahead 
of the delamination. At a load of 20 kN, when the damage seemed to cover 
approximately 60% of the thickness of the specimen, large levels of unstable Mode II 
crack growth occurred, eventually leading to the damage seen in the 13.0 mm 
crosshead displacement stage of Figure 6.29. This unstable growth was the cause of 
the plateau region seen in Figure 6.21, as mentioned in section 6.6.2.2, and any 
subsequent growth occurred at lower loads. Using the principle strains (ε1) it was 
estimated that the delamination growth occurred at a surface strain of approximately 
6000 microstrain, which was also seen in the results from C_D_RW, although the value 
was extracted from 2D DIC analysis, and it is not specifically the interlaminar shear 
strain. Yet, since this strain seemed solely related to the interlaminar region, as shown 
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in Figure 6.30, there is reasonable confidence in this value of 6000 microstrain.  
 
Delamination 
Matrix crack  
Figure 6.30: Principle strain (ε1) for “layup” reinforced cap specimen (C_D_RL) for a crosshead 
displacement of 12.1 mm. 
Additionally presented in Figure 6.30 was the occurrence of both matrix cracks and 
delaminations. As mentioned in section 6.6.3.1, the “layup” reinforcement greatly 
reduced the amount of matrix cracks, which must have been done by reducing the in-
plane transverse strain (εx) to levels below 4000 microstrain, which was the value 
confirmed as the strain required to cause matrix cracks in section 6.4.1.1. However, in 
doing this, for both types of reinforcement, the amount of shear stress introduced into 
the specimens had been increased causing delamination growth from pre-defects at 
strains of 6000 microstrain. Furthermore, it was apparent that the existence of pre-
defects inside the cap was paramount to the delamination growth, as this was the key 
reason the strains around the delamination could reach the higher value of 6000 
microstrain, whereas the UD matrix material is kept at a strain of less than 4000 
microstrain. This effect could be better visualised by considering the difference in 
bending strain for C_D and C_D_RL in Figure 6.26. This graph highlights that the 
increased stiffness of C_D_RL generally reduces the tensile bending strain of the cap, 
allowing stress concentrations resulting from pre-defects to hold greater significance in 
the deformation of the specimen. Overall, the reinforcements have greatly improved the 
transverse flexural behaviour of the cap and have also highlighted the importance of 
defects on the response of the specimen.  
 186 
6.7 Summary 
A number of different cap specimens were tested using three and distributed loading 
geometry. Generally, the experiments were successful, showing that: 
− The three-point configuration produced similar results to the distributed loading 
configuration, albeit resulting in premature failure due to fracture of the bottom 
biaxial layer. 
− The load displacement results for both three-point and distributed loading 
compared well against theoretical bending results, as well as box girder cross-
section results presented in 4.2.1. 
− All specimens had been extracted from pre-tested wind turbine box girders, and 
thus had defects and damage. 
− Both three-point and distributed loading configurations saw matrix crack growth 
in the non-linear portion of loading, forcing the neutral axis closer to the 
compressive sides of the test specimens. 
− Distributed loading resulted in a greater dispersion of the matrix cracks and, 
close to end of the displacement ramp, higher levels of delamination were 
observed due to the added shear variation in the specimen. Thus, this 
configuration better matched the loading arising from the Brazier effect. 
− Two designs of reinforcing the cap were successfully tested. These were 
namely the “wire” reinforcement, and the “layup” reinforcement. 
− The “wire” reinforcement seemed superior in the degree of transverse stiffness 
it provided to the cap, although it was subject to peeling, which induced extra 
damage into the specimen. 
− Both types of reinforcement inhibited the growth of matrix cracks, but increased 
the likelihood of structural collapse through delamination growth as a result of 
pre-defects in the specimen.  
This last bullet point highlights that although one form of damage has been prohibited, 
others are possible due to the anisotropic behaviour of the material. Yet, it was shown 
that these other effects occurred at loads 50% greater than observed in the 
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unreinforced specimen and the results go some way to prove that the introduction of 
transverse fibres are advantageous in blade design, especially if pre-defects can be 
reduced. These reinforcement results are important for current blades as it has been 
shown that the design can be retrofitted onto the box girder. Additionally, it is important 
for future design were the transverse fibres can be incorporated into a mould at a small 
cost increase.  
Overall these successful results are important and conclude the results chapters of this 
thesis. Next is a chapter discussing the implications of all of the presented results.  
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7 Discussion 
This chapter discusses the findings of this research in detail, with an emphasis on the 
relevance to wind turbine blade loading. Presented first, are the key findings with the 
relevance to the particular objective of this project. After this, the results are compared 
to full blade testing results conducted by other research groups, with a discussion of 
the significance of the tests performed. Following this, the results that were somewhat 
novel are discussed in terms of what was found, what was new and the implications on 
wind turbine blades. Finally a brief discussion of the bearing the results have for a 
wider audience is given.  
7.1 Overview 
The aim of this research was to gain a better understanding of the non-linear 
geometrical effects caused by static flap-wise loading of a wind turbine blade. The full 
blade tests revealed that the Brazier effect was one of the key nonlinearities leading to 
eventual blade failure; hence this topic was researched further. In particular, the 
deformation of the load bearing box girder was scrutinised with experiments of 
laboratory scale specimens. The experiments were designed to understand what 
nonlinearities occurred in the component parts when loaded under the “crushing 
pressure” inhibited by the Brazier effect. 
A three point flexure test on a box girder section revealed that the web incurred high 
levels of out of plane deformation as the caps flattened, as shown in section 4.2.4. The 
DIC equipment used on the test showed that this web deformation entered into the 
non-linear region, however it was a delamination defect present in the cap that caused 
eventual failure of the specimen. The growth of this pre-existing delamination was also 
non-linear and the presence of defects was highlighted as a key proponent of 
premature component failure. 
The tests on the sandwich columns reiterated this point, where the buckling strength 
was reduced when a pre-existing interlaminar delamination was present. These 
specimens, designed to represent the webs, underwent clear regions of non-linear 
deformation due to the high out-of-plane displacement, and resulted in either skin 
fracture, disbond growth or foam shear collapse. These effects are common and would 
be important factors to consider when assessing blade deformation, especially since 
there was an indication of a dependency upon skin to core thickness ratio.  
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As the caps did not have any foam material, these specimens displayed a different 
cause for non-linear deformation. The design of the material was not tailored to resist 
the out-of-plane displacement induced by the Brazier effect, and thus the typical non-
linear effects induced were matrix cracks in the UD layers, leading to delaminations 
between dissimilar layers. Two types of reinforcements were tested, where GFRP was 
introduced to directly resist the “flattening” of the cap, and both were shown to 
significantly increase the strength of the specimen.  
Overall, the experiments conducted explained well the non-linear geometrical effects 
endured by the box girder sub components during the Brazier effect, with the exception 
of the four-point sandwich tests where the specimens were affected by the loading 
arrangement. On the whole, it was believed that the testing methods applied to the 
specimens were sufficient in reproducing the types of loads that would be experienced 
under the Brazier effect, as illustrated with Figure 7.1. The degree of matching between 
the quantitative strains and deformations experienced may have been different and is 
discussed next. 
 
 
Figure 7.1: Specimens and testing methods derived from the Brazier effect upon a box girder. 
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7.2 Comparison to Full Blade Tests 
7.2.1 General Results 
This section discusses how well some of the specimen results compared with full blade 
testing (a test of a complete box girder with web reinforcements is compared to the box 
girder specimens which also used web reinforcements). Table 7.1 has been produced 
to provide this quick comparison, where the results of the full blade test have been 
extracted from two sources, indicated in red and blue, at a location along the blade 
length to match with the box girder specimen tested in this research. Likewise, the 
geometry of the cap specimens roughly match that of the caps of the box girder at that 
location, and the selected four-point sandwich specimen geometry matches with that of 
the box girder specimen web. The end loaded sandwich specimen with the maximum 
skin-to-core thickness ratio was chosen for this comparison, although it has quite a 
different geometry to that of the box girder specimen, since it was the closest match. 
The correlation is discussed next in terms of the individual parameters. 
Table 7.1: Summary of key experimental testing results compared to values obtained from full 
blade tests. 
Box-girder 
section 
results
Cap Results
Buckling 
Results 
(B_11.2_P)
Four-point 
Results 
(FP_22.2_P)
Full blade 
results
Maximum cap displacement due to Brazier 
effect 40.2 mm 15.6 mm n/a n/a
Maximum Load -15.0 kN -10.3 kN -26.8 kN -1.5 kN
Trailing edge maximum web out of plane 
displacment (dz) divided by gauge length 1.9 % n/a 2.9 % 5.5 %
Maximum web in plane displacment (dy) -1.6 mm n/a -5.3 mm n/a
Maximum web vertical strain (εy) -0.80 % n/a -2.5 % -0.61%
Maximum shear strain on trailing web face -0.05% n/a 0.35% n/a
Maximum absolute longitudinal strain in 
cap n/a n/a 0.45 %
Maximum absolute transverse strain in cap 0.75 % n/a n/a 0.38 %
2.8 mm
0.4%
-0.15 %
-0.26 %
 
Sources: In red - [4]; In blue - [43] 
Starting with the maximum cap deflection, at a distance of 12.1 m from the root, it was 
recorded that the full blade experienced 2.8 mm cap deflection due to the Brazier effect 
alone (the global deflection was not part of that measurement). This produced a poor 
correlation with the box girder specimen, which underwent over 40 mm of cap 
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deflection prior to failure. However, this box girder specimen was subject to a large pre 
defect in the form of a cap delamination and it was shown that at least 20 mm of the 
striker deflection was associated with the delamination growth, as shown in Figure 4.5. 
When taking this into account, the cap deflection of the box girder specimen was a 
closer match to the deflection of the cap specimen under three-point loading. The 
reason that the box girder specimen would have had higher cap deflection than the cap 
specimen was the higher flexibility of the supporting ends, i.e. the webs were able to 
deform outward and thus reduce the stresses in the cap. This was also the reason why 
a higher failure load was seen on the box girder, and is explained further in section 
6.2.1. 
However, the cap deflection of the cap specimen was also significantly higher than that 
seen with the full blade test. As the maximum measured cap deflection in the full blade 
was 8.4 mm [43], it could be argued that the Brazier effect will not cause nonlinearities 
in the deformation of the cap, since the specimen tests showed that the cap will incur 
linear deformation for deflections of that magnitude, even with a distributed load. 
Furthermore, the observed cause of non-linear deformation in the cap specimens was 
matrix cracks, which occurred when a transverse strain of over 4000 micro-strain was 
present. Such a high tensile strain was not recorded during the full blade test, where 
the highest value was approximately 3800 micro-strain just prior to blade failure 
(measured via strain gauges placed on the specimen surface at multiple points along 
the blade). 
The next result of interest was the out-of-plane deformation of the web, which had a 
maximum recorded value of 1.7 mm during the full blade test at distance along the 
blade of 11.1 m from the hub. This did not compare well to a value of approximately 8.3 
mm for 19.1 mm striker displacement for the box girder specimen, although at 3 mm 
striker displacement there was a recorded out-of-plane web deflection of 1.1 mm in the 
box girder specimen, which is more comparable to the full blade testing result.  
To facilitate a consistent comparison between the full blade, box girder and sandwich 
material tests the out-of-plane displacement results in Table 7.1 are normalised by their 
respective gauge lengths. Using this method, the sandwich material tested under four-
point flexure experienced a much higher out-of-plane deflection than all other sandwich 
specimens. The non-linear deformation for this type of specimen was dominated by the 
influence of the loading rig, as was the failure. Furthermore, the loading direction was 
in the out-of-plane direction, and it was deemed that a comparison with the four-point 
 192 
specimen results was not suitable. On the other hand, the out-of-plane deformation of 
the end loaded sandwich columns could be suitably compared to the full blade test. For 
these specimen types the normalised out of plane deflection was 2.9 %, which was 
significantly higher than that of the full blade test. It was believed that this was primarily 
due to the web being a more complex shape than the sandwich column, where the joint 
enhanced the reinforcement, as described in section 4.2.4.1. 
Using the DIC results of the box girder specimen, it was possible to estimate that at 
19.1 mm cap deflection, there was a 4.5 % web out-of-plane deflection, this time 
normalised by the length of the suction side sandwich alone (rather than the entire 
web). This implied that on a full blade test, the expected weighted out-of-plane 
deformation of the sandwich parts of the web would be higher than the entire web, and 
the associated non-linear effects determined in the specimen tests may be relevant to 
the full blade, although without these specific full blade results this is speculative. 
The implication of the measured results was that the full blade seemed to have 
incurred much reduced out-of-plane deformation when compared to that which was 
measured with the specimen tests. However, the full blade failure was influenced by 
non-linear deformation of the web, suggesting that the global flexure induced shear in 
the skins was more pivotal than the Brazier effect induced out-of-plane deformation. 
When comparing the values of shear strain between the full blade and box girder 
specimen results given in Table 7.1, this difference can be seen. In terms of shear 
behaviour, the one aspect that would have been observed in the full blade test, as well 
as having been observed in the box girder and four-point results was the high level of 
shear deformation in the sandwich foam. In the full blade test this would have been a 
natural consequence of the combined global flexure and the Brazier effect. The four-
point results on the sandwich material suggested that a disbond would form due to a 
high shear variation in the adhesive bond line between the skin and core, and this type 
of failure was observed in the full blade test, as described next. 
From these discussions, it is pertinent to discuss the failure of the box girder during the 
full scale testing. It was determined that the glued connection reinforced box girder 
sufficiently reduced the out-of-plane deflection of the joint. However, this led to an 
increased inclination for the blade to incur a disbond between the skin and the core of 
the leading edge [4]. The impact of the Brazier effect was to superimpose on the 
overall strain response, and this led to a variation of absolute strains between the 
halves of the web under tension and compression. Specifically, the suction side web 
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half had additional compression from the Brazier effect, leading to higher absolute 
strains, and this helped produce a disbond. 
An additional non-linear effect that was seen in this blade was a buckle of the cap 
along the lengthwise direction of the blade, as shown in Figure 7.2a. Here, instability in 
the cap loading occurred after a certain level of overloading, and resulted in local 
increases in cap deflection, additional to the cap deflections caused by the Brazier 
effect, as demonstrated in Figure 7.2b. It was unknown what value of cap deflection 
would have resulted as a result of this buckling. Therefore it is speculative whether it 
would be sufficient to cause the non-linear effects seen in the specimen tests 
performed for this research. However, post failure inspection of the full blade revealed 
the presence of interlaminar shear cracks, which have been proven experimentally to 
be the result of the Brazier effect in this research, see section 6.4.1.3, and in other 
research [18]. Furthermore, calculations based on bending theory using simplistic 
geometries have been used to compare the interlaminar shear stresses arising from 
both global bending and the Brazier effect, see Appendix D. This comparison has 
revealed that the cap interlaminar shear stresses due to the Brazier effect are at least 
five times greater than with global blade flexure. This is a result that highlights the 
importance of the Brazier effect in the non-linear deformation of the box girder. 
 a b
Figure 7.2: a) Sketch of cap buckling pattern [4]; b) FE resolved transverse strain on blade 
section due to cap buckling [4]. 
The main outcome was that the failure process seen for the full blade tests was 
dependent upon the combined effects of linear bending and non-linear Brazier’s effect, 
and the specimen tests were unable to represent this combination. This perhaps 
showed that the results of the sandwich end loaded compression testing were unlikely 
to be of relevance to current blade design, although the results with defected 
specimens would still be relevant. The occurrence of a cap delamination did 
qualitatively suggest the non-linear deformation process of a cap is relevant for current 
 194 
blade design. 
Perhaps the greatest relevance for the specimen test results was for future blade 
design, which aims to economise blade material to reduce inertial effects [4]. In doing 
this there is greater likelihood of introducing greater blade flexibility, which in turn will 
produce greater amounts of cap deflection due to the Brazier effect. With added cap 
deflection, a higher degree of out-of-plane web deflections would be expected, as 
proven by the tests performed on box girder section specimen, see section 4.2.4.1. 
Therefore, the non-linear deformation processes of the cap are discussed next, 
followed by a discussion of the out-of-plane web deformation.  
 
7.2.2 Non-Linear Deformation Methods 
7.2.2.1 Interlaminar Shear 
The prime effect of the nonlinearity of blade bending on the box girder load bearing cap 
was interlaminar shear. This type of damage was found in the full blade tests, as 
mentioned previously, and was the load limiting factor for the “layup” reinforced cap 
specimen C_D_RL, as discussed in section 6.6.3.2. When the Brazier’s “crushing 
pressure” was applied to the unreinforced cap specimen in isolation it was shown that 
matrix crack development occurred first, followed by delamination growth. Yet, with the 
box girder cross-section specimen, the delamination growth from a pre-defect was the 
initial nonlinearity, followed by matrix cracking. This inconsistency probably stemmed 
from the loading arrangement, because this specimen had the large defect very close 
to the striker, and therefore the stress concentration most likely encouraged its growth 
at lower loads, as shown in Figure 4.4. A similar effect was seen for a cap specimen 
loaded under with the distributed loading rig as shown in Figure 6.13. 
The development of the interlaminar shear was a key component of the experiments 
performed with reinforced cap specimens, since the reduction of Mode I cracks induced 
higher overall loads, and thus higher shear forces in between the plies, as discussed in 
section 6.6.3.2. For the specimen C_D the growth of the matrix cracks started at 
approximately 9.5 mm crosshead displacement, corresponding to a load of 8.1 kN. For 
the reinforced specimen C_D_RL, the interlaminar crack growth occurred at around 
11.1 mm crosshead displacement, corresponding to a load of 18.7 kN. As a 
comparison of loads was unfair due to the difference in specimen layup, the shear 
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stress has been estimated between the middlemost biaxial layer and the corresponding 
UD layer for both specimens. This has been conducted using the same technique 
presented in Appendix D, using appropriate loads and geometries. The shear stress 
estimated for C_D was 78 MPa, and for C_D_RL was 147 MPa. Primarily the higher 
loads were responsible for the higher shear stress estimate, even though the specimen 
was thicker and had a higher transverse modulus.  
Using these results it was reasoned that delamination induced by matrix cracks would 
appear prior to those induced by pre-defects, unless the transverse modulus prohibited 
the development of matrix cracks. The main limitation of this study was the 
inconsistency of testing a specimen with free edges and comparing the result to full 
blades that do not have free edges. At a free edge, the interlaminar shear stress should 
equal zero due to equilibrium conditions [129]. However, the method of testing could 
not avoid a free edge, and the DIC technique used could only measure surface 
deformation. The implication for full blade loading was that delamination growth would 
occur following matrix cracks or pre-defects. Furthermore, the appearance of 
delaminations would be more likely in a full blade than in the specimen tests due to the 
lack of free edges, and therefore the results presented are conservative (bearing in 
mind the growth was initiated by matrix cracks and pre defects). 
7.2.2.2 Sandwich Deformation 
Although the loading arrangements for four point and end loaded compression 
experiments were different, there was a similarity in the observed non-linear 
deformation. Namely, this was the shear collapse of the core seen with specimens 
FP_22.2_P, FP_6.7_P, B_6.2_P and B_11.3_P. For the four-point specimens, there 
was excessive deformation around the inner rollers discussed in section 5.2.3.1, and 
for the buckling specimens there were jumps in the out-of-plane displacement profile 
shown in Figure 5.21. Both of these types of specimen deformations were influenced 
by the level of out-of-plane deformation and it was shown to be a significant 
deformation method for sandwich material. Furthermore, other research has suggested 
that the core shear failure would occur with PVC foam core sandwich material, rather 
than skin related damage [130]. Another aspect of this correlation between the 
nonlinearities of four-point and buckling results was that the specimens manufactured 
in the laboratory adequately represented wind turbine blade material.  
Another type of deformation seen with the end loaded compression sandwich material 
was non-linear straining of the skin, possibly incorporating scissoring of the fibres and 
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eventually leading to fracture. This was seen with B_2.6_P, as presented in section 
5.3.3, which had the thinnest skins of those tested under buckling. Such a failure mode 
followed naturally from consideration of the make up of the sandwich material, where 
the compressive stresses are primarily carried by the skin material and the out-of-plane 
deflection is resisted by the “sandwich” effect. Using the simplistic assumption that the 
measured load was carried by the skin alone, it was estimated that the average stress 
carried by a single skin laminate at peak load for B_11.2_P was 59 MPa, whereas it 
was 110 MPa for B_2.6_P. These values do not include the bending imposed by the 
out-of-plane deflection, but it is likely this additional compression would have led to a 
stress exceeding the compressive strength of the skin material, and thus the cause of 
fracture. 
In viewing these non-linear deformation methods it was clear to see that the skin 
thickness was an important factor for determining the response of the sandwich 
material. The four point testing results showed that indentation was a key proponent of 
the observed nonlinearities. The response and failure method was dependent 
specifically on the skin thickness. This type of result was not directly relevant as it is 
difficult to comprehend a situation where indentation may occur on a wind turbine 
blade. Buckling was a more likely scenario for the full blade, and the skin thickness 
dependency of these materials was shown in section 5.3. Overall it was shown that the 
thinner skinned material would suffer skin fracture, leaving it unable to carry additional 
load, whereas the thicker skinned material would see core shear failure.  
The buckling failures have been determined to be important for current blade designs 
[46, 92], but the application for future blade design is probably greater since there has 
been a strong case to incorporate sandwich material into the caps of the box girder 
[121]. Therefore, the results presented have a general relevance for the wind turbine 
blade, rather than the specific blade components. The other interesting aspect of these 
buckling tests was the significance of pre defects inside the material, which is 
discussed next. 
 
7.3 Unique Results 
This section discusses the results that explored some of the more novel research 
conducted as part of this research, including the cap reinforcements, the sandwich 
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columns with pre damage installed and the NDE techniques employed. 
7.3.1 Pre-Damage in Web Material 
There is an understanding that large composite structures are likely to include common 
types of damage post manufacture and for sandwich material this damage may come 
in the form of a core to skin disbond or a skin delamination. By using Teflon film inserts, 
these defects were successfully incorporated into the sandwich specimens that were 
loaded under end compression. A successful study was completed and it was shown 
that a delamination will significantly impact the load bearing capacity for this material, 
whereas a disbond is less likely to have this affect.  
The insignificance of disbonds on pre buckle behaviour has been partly observed in the 
research conducted in [131], where the core density was also included as an 
experimental variable. The reason that a disbond would not impact the load carrying 
ability was because it did not detract greatly from the applied loading arrangement 
when the skin did not buckle away from the core. The skin was still able to strain due to 
the applied compressive load, and the sandwich was still able to deflect with the 
same/similar flexural rigidity (since it was a short disbond). Thus, the non-linear 
deformation mechanisms were usually identical to those observed for the perfect 
specimens. The exception would have been if the skin had buckled away from the 
core, resulting in a complicated transfer of compressive stresses and a reduction in the 
local flexural rigidity, leading to a collapse of the specimen. Research by other groups 
has shown this to be an important method for failure of a sandwich column with a pre 
incorporated disbond loaded under end compression [132, 133]. Yet this research did 
not experience an instance of this occurring at loads significantly different to that 
measured for the perfect specimens.  
Another non-linear deformation method was the growth of a disbond in the material 
prior to maximum load, which again was not seen in this research. It was believed that 
the biaxial layup of the skins and the relatively small thickness of the PTFE film, 
coupled with the loading arrangement imparting insufficient shear meant that the stress 
field ahead of the film was not great enough to cause crack growth. However, had a 
thicker disbond been manufactured, a sufficiently large stress field may have been the 
result, as was observed in [133]. Furthermore, the shear loading in the web of a full 
blade was likely to encourage disbond growth, and from this potentially leading to 
failure at a lower load. Overall, it was decided that it is not understood whether a 
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disbond in the sandwich material of the web would cause a reduction of load carrying 
ability in a full wind turbine blade. 
In comparison, the presence of a delamination was shown to have a marked impact on 
the load carrying ability of the sandwich columns. Furthermore, it was apparent that 
both the size of the delamination and the skin to core thickness ratio were important 
variables in determining the ultimate compressive load of the material as shown by 
Figure 5.25. It was believed the cause for this loss of load bearing ability was due to 
the way in which the delamination behaved under the compressive load. In almost all 
tests, the outer part of the delamination incurred a local buckle away from the core, 
whereas the inner part stayed with the core, as shown in Figure 7.3. The implication of 
this was that the compressive stresses had to transfer off axis, resulting in an 
imbalance between the strain responses of the two skins. For the larger delamination 
size, the angle between the skin halves created by the delamination was greater, and 
hence the peeling stresses were also greater, typically leading to delamination growth, 
further increasing the stresses upon the inner skin half. At a critical stress, the inner 
half of the delaminating skin fractured, resulting in loss of load bearing capacity. Thus, 
the presence of the delamination abnormally increased the compressive stresses in 
one skin, which then fractured at a lower load than the non-delaminated equivalent.  
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Figure 7.3: Separation of skin halves due to delamination pre defect. 
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Comparing these results to others in the field was difficult because, to the author’s 
knowledge, there has not been any research conducted where PTFE film had been 
used to simulate interlaminar delaminations in an end loaded foam core sandwich 
column. There has however, been some work to estimate the interlaminar fracture 
toughness of aluminium honeycomb sandwich material using PTFE inserts in end 
loaded compression specimens [134]. The key finding of that research, was the skin 
would buckle around the insert at a stress inversely proportional to the crack length, a 
result that agrees with this research. After this the delamination will grow at higher 
stress levels, depending primarily on the critical energy release rate, Gc. This value 
was not obtained during the specimen tests, although it was observed that 
delamination growth occurred at higher loads than that which caused the local buckle, 
as shown in Figure 5.22.  
Apart from [134], the closest body of research appears to be that conducted to estimate 
the residual compressive strength of a composite component after impact [134-137]. 
The usual objective of this research was to perform an impact experiment to cause 
delamination in a composite specimen and then apply end compression to assess the 
failure strength. Typical results of this type of experiment on foam core sandwich 
material suggest that there was an impact energy that resulted in the lowest level of 
interlaminar damage. Energies below or, in particular, above this would result in higher 
levels of interlaminar fracture and therefore lower residual compressive strength [135]. 
This somewhat agreed with the results obtained during this research. 
Overall, the relation between skin to core thickness ratio and the load bearing capacity 
for the sandwich material was a key result and the work with interlaminar delamination 
was a novel piece of research. The implication of this to real wind turbine blade loading 
was that an estimate could be made of the tendency for a specific geometry of web to 
buckle, if the local compressive strain is known. This estimation was produced using 
the results of the sandwich buckling experiments. Presented in section 5.3.4 was the 
variation of load bearing capability of delaminated and perfect specimens for increasing 
skin to core thickness ratios, cf. Figure 5.24. Another way of analysing this result was 
by comparing the percentage drop in load bearing capacity of the delaminated 
specimens as compared to the perfect counterparts. This was shown by Figure 7.4, 
which has utilised a curve fitting function to estimate the equation of the curve, which is 
also shown on the figure. It could be seen from the figure that the percentage load 
reduction was less for the smaller delamination size, and both curves demonstrated a 
decreasing percentage load reduction for higher skin to core thickness. Additionally, 
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the variance of drop in percentage load bearing ability was greater for the smaller 
delamination, which was demonstrated by the fitted curve equation parameters.  
y = -0.0629Ln(x) + 0.2592
y = -0.082Ln(x) + 0.0393
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Figure 7.4: Percentage drop in load bearing ability as a function of skin-to-core thickness ratio 
and pre-delamination size 
These results were used to speculate a relationship between skin to core thickness 
ratio, delamination size and the percentage load reduction in the form of an equation, 
as shown by equation (7.1). Based on the results from this research, the functions for µ 
and c can be estimated using the graphs presented in Figure 7.5a and b respectively. It 
was shown for Figure 7.5b that the base-level percentage load bearing ability will 
decrease as the defect size is increased, but that this drop is low for small delamination 
sizes, a natural consequence. Yet with Figure 7.5a, the relationship is somewhat more 
complex and there appears to be a peak defect size that will maximise the percentage 
load reduction. The author is somewhat uncertain about this result and it is hoped that 
further experimentation will resolve this issue by including a greater amount of data 
points for these graphs. If an equation was formulated with more confidence, then the 
relation to full blade experimentation could be gauged using the results given by Table 
7.1. In this table it was seen that the blade failed when the normalised out-of-plane 
displacement of the web was a critical level of 0.4%, whereas the buckling specimens 
saw a critical level of 2.5%. Therefore, it may be reasonable to scale down the 
percentage load bearing ability estimated using equation (7.1) by a factor of 7.25.  
 ( )dropL Ln cμ β= ⋅ +  (7.1) 
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 Where: 
− Ldrop is the percentage load drop. 
− µ is the delamination size scaling factor, a function of the delamination size. 
− β is the skin to core thickness ratio. 
− c is the load drop constant, a function of the delamination size. 
y = 5E-05x2 - 0.0043x
-0.1
-0.08
-0.06
-0.04
-0.02
0
0 20 40 60 80
Defect size (mm)
D
el
am
in
at
io
n 
si
ze
 s
ca
lin
g 
fa
ct
or
  
y = 8E-05x2 - 0.0012x
-0.05
0
0.05
0.1
0.15
0.2
0.25
0.3
0 20 40 60 8
Defect size (mm)
Lo
ad
 d
ro
p 
co
ns
ta
nt
0
 
a b
Figure 7.5: Graphs to estimate the defect size dependent parameters for equation (7.1): a) 
delamination size scaling factor, µ; b) load drop constant, c. 
What has been demonstrated in this study is that if a delamination had been detected 
in that web section, an estimate could be made of the reduced tip deflection that would 
cause that section to buckle. Such an estimate would lead to real values that operators 
could use to limit the loads subjected to a blade (by parking it out of the wind direction). 
The limitations of these estimates would be when the skin-to-core thickness ratio lay 
outside the range of 2.6 to 11.2 %, or when the delamination size was outside the size 
of 30 – 63 mm, although reasonable estimates would still be expected.  
Another limitation of the results was that real webs may not be symmetrical sandwich 
material, but instead may contain various sections without foam material, and possibly 
also asymmetrical skins. Yet, as mentioned in section 7.2.1, the sandwich parts of the 
webs of the box girder section specimen saw similar levels of normalised out-of-plane 
deformation as the real web specimens. Thus, these defect results are applicable to 
those parts of the complex web geometry, but may need adapting for direct 
calculations. 
This adaptation would be easier when developing finite element simulations of the web 
deformation, which is another application of these testing results. Here, the successful 
simulation of the relatively simple tests could be extended onto more complicated 
variations, incorporating more realistic loads and geometries. Such modelling has been 
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investigated before and the key difficulty has been in performing the non-linear analysis 
that incorporates significant degrees of delamination growth [133, 138-142]. Some of 
this work has been based upon wind turbine blade structures, and it was found that 
buckling of the web structure was dependent on the web geometry and was sensitive 
to changes in the web geometry along the blade length [142]. This latter finding cannot 
be verified by the current research, however it is interesting to know that the same 
geometrical changes can include ply drop-offs and perhaps resin dry spots. Based on 
the current research, it is inferred that the appearance of such infusion defects would 
increase the likelihood of buckling in the webs at those locations.  
Overall it has been presented how the results of the end loaded compression of 
laboratory scale sandwich specimens have application to real wind turbine blade 
loading. Discussed next are the implications of the cap reinforcement designs. 
 
7.3.2 Cap Reinforcements 
It was discussed in section 7.2.1 that the Brazier effect has possibly led to interlaminar 
crack growth during full blade tests. This flattening of the cap was believed to cause the 
interlaminar stresses sufficient to induce delamination growth, and preventing this 
flattening would reduce the likelihood of the development of interlaminar cracks. This 
premise was the basis of the reinforcement designs tested as part of the research 
conducted on full blades at Risø-DTU [4]. The research in this thesis proved the same 
concept using realistic materials rather than steel wire. Figure 6.22 showed that the 
flexural stiffness of the cap significantly increased with the two types of reinforcement 
employed.  
One of these types of design was the “wire” reinforcement and it followed the principle 
of patent A suggested in Jensen’s work [4]. The use of three UD layers resulted in a 
5.3 % increase in the laminate thickness and a 419 % increase in flexural stiffness. The 
other type of reinforcement used two UD layers retrofitted to the existing layup and was 
a novel aspect of this research. It resulted in a 3.5% increase of the laminate thickness 
with a 107 % increase in flexural stiffness. If incorporated into a box girder of a wind 
turbine blade, the resistance to the cross-section “ovalisation” would be increased with 
either design of reinforcement. However, the “wire” reinforcement design offered 
superior resistance than the reinforcement incorporated into the “layup”. The reason for 
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this difference was discussed in section 6.6.1 
Although it was clear that the “wire” type of reinforcement provided superior resistance, 
the practicalities of manufacturing it shed a different light on the matter. When 
retrofitting this reinforcement, there was a great difficulty in getting the mould in place 
and then sealing a vacuum bag around it (such that the cavity created was not filled 
with epoxy). Furthermore, the de-mould process had a large potential to introduce 
damage into the reinforcement, and possibly led to the premature peeling seen in the 
specimen tests. Therefore, retrofitting this type of design into an existing blade is 
unlikely to be widespread. To incorporate the layer into the manufacture of new blades, 
the two box girder halves would have to be made in female tool parts and perhaps 
foam would have to be introduced to create the cavity. Alternatively, a new 
manufacturing technique may be required, such as pultrusion to create the geometry 
needed, as suggested in [4]. In contrast, the inclusion of extra transverse layers into 
the existing layup requires minimal changes to existing practice and creates a viable 
alternative to the “wire” reinforcement design. Yet some of the difficulties associated 
with the “wire” reinforcement have been addressed by a recent paper, [143], with one 
of the key findings being that special adhesive can be used to increase the peel force 
to in excess of 5 tonnes. Such new findings mean that this type of reinforcement is a 
better candidate than the “layup” reinforcement. 
For future blade design the influence of the Brazier effect is likely to still be an 
important, if not a governing factor of blade failure under a 50-year flap-wise gust load. 
With the likely increase in material usage efficiency, there is likely to be an increase in 
blade flexibility [4]. However, this does not necessarily mean that the Brazier effect 
related failure will become more likely rather than blade buckling or other methods. Yet 
there is a potential that the flap-wise deflections may be greater and this has been 
identified as the key cause of cap flattening, resulting in both cap material nonlinearities 
and web nonlinearities (see section 2.1.5). To address this, this research has provided 
the choice of installing two different cap reinforcements, both of which were proven on 
a laboratory scale using representative materials.  
 
7.3.3 Novelty in Non-Destructive Evaluation 
As part of the experimentation performed on the conventional and unconventional 
specimen geometries some innovate methods of analysing deformation were 
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developed. One such was the use of consumer level camera equipment to capture 
images for DIC processing. ARAMIS is typically sold as complete system by GOM, 
[55], which includes the image capturing equipment. The available GOM imaging unit 
had a 1.2 Megapixel sensor, and it was deemed that this would be insufficient to 
capture the detailed local non-linear effects, whilst also capturing the global 
deformation of the large specimens. As an alternative, a 10.1 Megapixel DSLR 
cameras proved adequate. This was supported by other research that has successfully 
used consumer level imaging equipment to accurately measure surface deformation 
[144]. The main novelty of this research was that the accuracy of the DSLR equipment 
used was compared against the accuracy of the laboratory imaging equipment in 
section 3.6.2. In particular, the comparison of telecentricity has not been seen in other 
research, and the good comparison demonstrated that the DSLR equipment was very 
capable of producing accurate results. The other novelty was that two DSLR cameras 
were successfully used to capture surface deformation in 3D, something that has not 
been performed by other groups, to the author’s knowledge. The limitation of the 
processing software ARAMIS v 5.4.1 meant that the captured images were restricted to 
a maximum size of 5.2 Megapixels. 
Another innovative way of performing DIC on large complex structures was to use 
mirrors to capture multiple surfaces, reducing the number of camera pairs needed. This 
was performed for the box girder section specimen as described in section 3.3 using 
front surface mirrors and both the GOM camera pair and DSLR camera pair to capture 
two sets of 3D deformation of both the inner and outer sides of the leading and trailing 
edge webs. It was difficult to perform the calibration of the mirrored surface and to do 
so successfully smaller than usual calibration blocks were required. This, coupled with 
the reduced resolution of the GOM camera, meant that the mirrored images captured 
with the GOM cameras would not calibrate, and thus could not be solved. It should be 
noted for future reference that if larger angles of reflection were possible then this 
effect would be reduced. Other research groups have also used mirrors to reflect 
multiple surfaces when analysing the surface strain [145, 146]. Typically these methods 
require careful geometrical positioning of the mirrors to successfully transform the 
deformations to refer to the correct coordinate system within the governing equations. 
The ARAMIS software removes this necessity by including a global coordinate 
transformation algorithm accessible in the GUI. 
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Figure 7.6: Mirror effect causes inconsistent calibration block 
Another issue that was met with the calibration process arose because the ARAMIS 
software expected to see a specific calibration pattern, shown as the “normal image” in 
Figure 7.6. When calibrating through the mirror, the calibration block appeared with a 
reversed pattern, as shown by the “mirrored image” in Figure 7.6. As the ARAMIS 
software did not understand this, it was necessary to mirror the images taken along the 
line indicated in the figure using Adobe Photoshop [105]. This mirror was necessary for 
all calibration and stage images for consistency purposes.   
The experimentation that was carried out using AE equipment was useful in 
categorising damage development during disbond growth after the buckling related 
failure of an end loaded sandwich column, as described in section 5.3.4.4. Among the 
many potential blade condition monitoring techniques, the results of the AE monitoring 
helped to validate the system for the purposes of detecting different types of damage 
and the rough location of damage. This confirms with the results of other research 
groups analysing the damage development in sandwich material [147-149]. In 
particular, [149] demonstrated how, although AE can locate the damage in the material, 
the use of other techniques such as Lamb waves were a better means of determining 
the criticality of it.  
A limitation of the research performed was that the specimen in which the damage was 
detected had a rather simple geometry, whereas typically the web contains many 
different component parts with a tapered geometry. Research by other groups has 
employed the use of these sensor types to larger structures [43, 80], where a series of 
sensors allows estimation of the location of the damage. However, it was believed that 
analysing such large areas prohibited identification of specific types of damage. 
Additionally the signal was likely to become somewhat distorted as it passed from 
region to region.  
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At this juncture the use of AE sensors as means to record anomalous behaviour inside 
a wind turbine blade would be advantageous to operators. However, developing a 
system that can detect certain types of damage, predict their severity and estimate the 
location would increase the value of an AE system. The experimental results produced 
by this research can act as a baseline upon which to build such a system, integrating 
the findings of other research groups on the larger structures, and thus eventually 
producing “smart” blades for the wind turbine industry. The relevance of the research 
findings for a wider audience is discussed next.  
 
7.4 Relevance to Greater Audience 
There is a wider application of the results of this research since the use of composite 
materials is widespread. Firstly, the occurrence of matrix cracking in helicopter rotor 
blades has been proven to have an impact on the strain response under load [150]. 
The research presented here has demonstrated how the use of plies in the transverse 
direction can greatly increase the loads at which these cracks initiate.  
In a similar manner, the Brazier effect has been recorded as an important non-linearity 
in multibay airfoil sections typically used for aircraft wings [151]. It has been recorded 
that the cross-section is unlikely to collapse under the Brazier effect alone, but the 
failure is likely to be influenced by the non-linear effect. Since composite material is 
becoming a more common choice for use in the manufacture of wings, it is possible 
that the failure modes observed in this research will be relevant for aircraft structures. 
Considering the increasing wing span of certain modern aircraft design, an increased 
wing flexibility may induce interlaminar cracks, as suggested by [152], again making 
the results of the cap reinforcements relevant.  
Another implication of these results comes by consideration of the use of composites 
for bridge structures, which has been mainly limited to unidirectional reinforcements 
adhered to the underside of various types of bridge [153]. However, there are situations 
where fibre reinforced polymer box girders or C-sections are used as the principal load 
bearing structure [154]. The flexibility of these sections is designed to be very low and 
the safety factors can be much higher since inertial weight is less of a concern than 
with wind turbine blades. Hence, it is not considered that the Brazier effect will have 
much bearing on the non-linear deformation of these structures. However, damage has 
been noted to develop in the material when in service, and methods for detecting this 
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has been deemed important [155-157]. To this end, the results that encompassed the 
AE monitoring technique demonstrated a useful way in which such damage can be 
detected. Like wind turbine blades, bridge structures are likely to have complex cross-
sections and coupled with the sheer size of the structure, it is unlikely that AE sensors 
would be able to estimate the precise nature of the damage with the current level of 
understanding. More likely is that these sensors would be used as a tool to reduce 
maintenance efforts during inspections by providing location estimates for damage 
development.  
Overall, this section has provided a brief outline of the uses of this research outside of 
wind turbine blade structure, thus concluding the discussion chapter. Following on from 
this is a summary chapter, listing the major findings of this research. 
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8 Conclusion and Recommendations for Future Work 
This chapter concludes the thesis by first giving an overview of the findings and their 
implications, followed by an overview of the novel results and finally, suggestions for 
future work. 
 
8.1 Overview and Implications 
An aim of this research was to gain a better understanding of the reliability issues 
pertaining to wind turbine blades. Studying past literature revealed that fatigue and high 
static loading were major factors affecting the reliability. Furthermore, it was identified 
that the blades were one of the most unreliable sub-components of a wind turbine. 
Additionally, full blade testing results suggested some key geometrical nonlinearities 
induced in the blade, one of which was known as the Brazier effect. This effect was the 
result of compressibility of the cross-section of the blade when under high static flap-
wise loads and resulted in damage and failure of the lightweight material. 
The other main aim of this research was to identify techniques that could be used to 
identify and condition monitor the damage in the blade. The literature review identified 
and discussed five different technique types, including digital image correlation, 
acoustic emissions monitoring and vibration/signal frequency monitoring. All methods 
described had benefits and drawbacks, with most having been previously tested on 
wind turbine blades or subcomponents. 
To enhance the understanding of the consequences of the Brazier effect on the load 
bearing box girder, specimen tests were performed to replicate the loading conditions, 
and DIC and AE techniques were also applied. This had the benefits of both assessing 
the techniques as condition monitoring systems and allowing a better insight into the 
damage incurred in the material. The tests performed were a three-point compression 
test of a box girder cross-section, four-point flexure and end loaded compression of 
sandwich columns (representing the web), and three-point and distributed flexure of 
box girder cap specimens. 
The flexure of the box girder cross-section revealed that the web out-of-plane 
deflection was an important factor in determining the response of the overall flattening. 
Using the DIC results, it was observed that asymmetric ovalisation of the section 
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occurred, probably due to the non-symmetric geometry. The full blade testing results 
suggested that failure would occur as a skin disbond in the web and although this was 
not seen here, the DIC results suggested that suction side of the sandwich web would 
be the more likely to incur this disbond. For this specimen, the growth of a pre-existing 
delamination was the prime motivator for failure, and this suggested that the presence 
of defects in the material may shift failure from one component to another.  
For this box girder specimen, the overall strength was governed by the strength of the 
bottom biaxial layer, which was a result confirmed by the cap flexure experiments. The 
cap experimentation used DIC to identify the growth of matrix cracks under transverse 
strains of 0.4 %, instigating a non-linear load response and thus causing a neutral axis 
shift toward the compressive side of the specimen. This led to higher stresses along 
the bottom biaxial layer (which had a higher transverse modulus) and when this layer 
fractured the load bearing capacity of the specimen diminished. For these experiments, 
it was shown that the three-point configuration produced similar results to the 
distributed loading configuration, albeit resulting in premature failure due to fracture of 
the bottom biaxial layer. However, distributed loading resulted in a greater dispersion of 
the matrix cracks and, close to end of the displacement ramp, higher levels of 
delamination were observed due to the added shear variation in the specimen. This 
configuration better matched the loading arising from the Brazier effect.  
The full blade testing results observed cap delaminations as a result of interlaminar 
shear stresses. Having performed a numerical estimate, it was demonstrated that such 
damage would not be possible prior to matrix crack development in a perfect cap 
specimen. Thus it was concluded that such defects would only occur when there is 
significant longitudinal cap buckling superimposing on the Brazier effect, or if a large 
pre-existing defect was present in the laminate. From here the importance of 
manufacturing or developed defects was again shown. 
For the web experiments, the results of the four-point loading were affected by the 
rollers used to impose the bending. However, the usefulness of the DIC technique in 
measuring the deformation of this lightweight material was seen, where the critical 
failure modes identified were interfacial delamination and core collapse due to 
indentation. The end loaded compression experiments isolated the compressive loads 
placed upon the sandwich webs when under Brazier’s crushing pressure. The non-
linear behaviour demonstrated that the skin-to-core thickness ratio determined the 
ultimate failure load, as well as the type of deformation and failure that the specimen 
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endured. The failure types for the non-defected specimens included core shear 
collapse and skin fracture, where the higher the skin-to-core thickness ratio, the lower 
the likelihood of a skin fracture. 
When comparing the box girder cross-section specimen results with the end loaded 
sandwich and cap flexure, a number of similarities were observed, hence showing 
some validity for those tests. This was in terms of both normalised web deflection and 
the load response of the caps. However, the combination of the web and cap acted to 
slightly increase the load response due to the flexibility of the web supports. 
Additionally, the caps better restricted the out-of-plane deformation of the webs, 
leading to slightly lower normalised values compared to the sandwich columns. Overall, 
it was seen that the specimen results would need adapting before being applied to full 
blade loading.  
In general, the specimen testing results departed somewhat from the full blade testing 
results, primarily because the longitudinal stresses arising from global flexure could not 
be included into the test. It was shown that the types of failure observed in the 
specimen tests should not arise in full blade loading, based on the recorded full blade 
test measurements, although some of the damage may be induced. The exception to 
this would be where defects existed in the material, or where local effects increased the 
local Brazier deflections, such as occurred when the cap incurred longitudinal buckling. 
The other exception is for future blade design, where higher deflections are likely to 
arise due to increasing efficiency of material usage. Here the higher flexibility and 
thinner cross-sections would lead onto greater geometrical nonlinearities unless 
reinforcements are included into the design. The results of cap reinforcements are 
concluded next, along with other novel results. 
 
8.2 Innovative Results 
8.2.1 Cap Reinforcements 
Two methods of reinforcing the cap were manufactured and tested, both of which 
aimed to reduce the flattening of the cap. The first type was based on the “wire” 
reinforcement design suggested by Jensen [4], and was formulated of three UD layers 
pinning the ends of the curve of the cap cross-section (referred to as “wire” 
reinforcement). This resulted in a 419 % rise in flexural stiffness for a material usage 
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increase of 5.3 % (based on laminate thickness), although the manufacturing cost 
would probably also increase. The other type of reinforcement was formulated of 2 UD 
layers adhered to follow the curve of the cap (referred to as the “layup” reinforcement). 
This resulted in a 107 % increase in flexural stiffness for a 3.5 % increase in material 
usage and would be able to be implemented without a change in manufacturing 
methods. Both methods used practical materials and although the “wire” reinforcement 
did incur some degree of peeling, they both substantially improved the transverse 
behaviour of the cap and would be beneficial for use in future wind turbine blades. 
 
8.2.2 Defected Sandwich Study 
The end compression loaded sandwich column experimentation also involved tests on 
specimens with pre-existing defects. The two defects tested were interfacial 
delaminations, termed as disbonds, and interlaminar delaminations, both of which were 
achieved using PTFE inserts. The disbond did not result in a loss of load bearing ability 
because it tended to buckle such that the skins stayed with the core. On the other hand 
the two skin halves of the delamination tended to buckle away from each other and 
thus the load bearing capability was compromised. It was apparent that, for the loading 
arrangement tested, there was a relation between the loss of load bearing ability, the 
skin to core thickness ratio and the delamination size. However, this relation was only 
speculated upon in the discussion. It was apparent from these results that the presence 
of an interlaminar delamination was likely to have an impact on the non-linear and 
failure behaviour of the webs of a full blade. In particular, a new mode of non-linear 
deformation was introduced by the presence of a delamination, namely delamination 
growth, and hence such defects are important to identify. The use of NDE techniques 
to obtain this information is concluded next. 
 
8.2.3 Digital Image Correlation 
To better assess the deformation of the wind turbine blade material, many novelties 
were needed in the use of the DIC equipment. One of these was the pairing of two non-
standard DSLR cameras together to perform 3D DIC. This was extended to perform 3D 
DIC of both the front and rear surface of a specimen using the same camera pair with a 
front surface mirror. Another innovative way the cameras were used was in cross 
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analysing the acoustic emissions results with DIC data. For this, the AE data seemed 
to categorise well how different types of sub-surface damage were being incurred at 
multiple location in the specimen, and DIC could roughly confirm this based on the 
levels of surface strain. The two techniques worked well together and there is a 
potential to use them together for condition based monitoring in future work, which is 
the next topic to be discussed.  
 
8.3 Future Work 
This research has addressed many aspects related to the nonlinearity of wind turbine 
blades. However, many questions are still apparent regarding the structural integrity of 
the blade, and therefore Figure 8.1 has been produced. This figure suggested a work 
plan that could be used to achieve a better appreciation of the structural integrity of a 
blade. It stems from a thorough understanding of the conditions placed upon the 
blades, something that is well known already. Additionally, there should be an 
identification of the failures and causes of these failures, where the failure may be 
termed as plastic deformation. Again there is an existing knowledge of this as a result 
of full blade tests and past failures.  
To implement this work plan one of the areas that needs further work would be in the 
in-depth understanding of the failures. To this end, the specimen tests conducted have 
partially addressed this issue. Additional work would include: 
− Buckling tests of the cap in the longitudinal direction. 
− Continuation of the defect study on sandwich columns. 
− Initiation of controlled defect studies on cap material. 
− Development of 3D non-linear finite element models to simulate box girder 
material specimens, and eventual incorporation of the blade shell as well as 
defects. 
− Dissemination of the cap reinforcement results, which can have immediate 
impact for future blade design. 
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 Figure 8.1: Work plan to assess blade structural integrity. Green text indicates contribution from 
this research, and red text indicates knowledge that is well established. The results of this work 
plan would be useful to help future blade design and production methods. 
As the research has demonstrated that typical manufacturing defects are important to 
the material response, it is advised that some type of quality control is established on 
blades post manufacture. This research can provide some information regarding the 
critical defect size that can influence the factory acceptance criteria. 
Two of the other aspects suggested in this work plan include the development and 
testing of techniques designed to identify issues with the blade, either post 
manufacture or in-situ. The research conducted has gone some way towards proving 
both DIC and AE on this type of material, but has not extended onto the way in which 
they may be used practically on the blades. However, it is the author’s belief that in the 
short term installing an AE system onto the blade would be beneficial to gather 
background information. Rather than influencing maintenance procedures, it would aid 
future investigations associated with blade refurbishments/overhauls.  
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In the long term, once candidate techniques have been identified they can be tested in 
service on a handful of blades. This will allow the operators to gauge whether the 
techniques are suitable, and if so what resultant data is expected. This will then lead 
onto rolling out the technique across wind farms, or by some other means depending 
on the cost effectiveness.  
As a final statement of future work, it is hoped that utilities will seek opportunities to 
work closely with manufacturers, and there are such projects funded by the European 
Union. This will enable the manufacturers to gain feedback on their blade performance 
by granting access to condition monitoring results. Also, utilities will obtain the 
important detail design information that they require to plan their maintenance 
procedures. Taking this approach will importantly improve blade reliability and reduce 
downtime, benefiting the utility, manufacturer and the end customers of the electricity 
generated. 
 
8.4 Epilogue 
In this research, many new findings have been made and a long term and short term 
future goal list has been identified. It is hoped that the results of this study will be useful 
for future researchers in addressing the issue of wind turbine blade structural integrity, 
and that an eventual technique or set of techniques are identified. This concludes the 
main body of this thesis. In the following pages are the references and appendices. 
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Appendix B 
Resin Infusion under Flexible Tooling (RIFT) Manufacturing Method 
for Sandwich Material 
Based on the initial manufacturing problems, the RIFT process used to manufacture 
the panels has been developed to speed up production as well as achieve a repeatable 
specimen quality. The process involved is as follows:  
1. Coat the base glass plate in Frekote 700NC mould release agent [158] and 
allow to dry. 
2. Coat the Omega profile channels in Frekote 700NC.  Ensure thorough coating 
of these parts, inside and out, and then allow to dry. 
3. Cut the necessary glass fibre sheets for the manufacturing process.  
4. Cut the foam to size. 
5. Cut the flow media, peel ply and vacuum bagging to size. 
6. Lay down the flow media and peel ply as the bottom layers on the glass base 
plate. Place the foam in the centre and place channels into position.  
7. Line the perimeter with sealant tape. 
8. Layup the fibre mats and foam as required taking care to remove any foreign 
objects. 
9. Place the upper peel ply and flow media into position.  
10. Make the omega channels and place into position. 
11. When satisfied with the layup seal it with the vacuum bag. Ensure a tight seal 
using the sealant tape. 
12. Place setup into position in the oven. Insert inlet and outlet tubes into the 
channels. This requires breaking the seal, but sealant tape can be used to 
reform it.  
13. Test vacuum of setup: first seal off the inlet temporarily. Once the vacuum 
pump has been turned on, the gauge should drop to the suction rate by the 
pump. Turning off the pump should result in a drop of less than 10% in 20 
minutes. 
14. When satisfied with the vacuum the adhesive can be prepared. Estimate the 
adhesive required by calculating the volume of glass and tubing. Leave some 
excess for the adhesive layer between the glass and the foam and the volume 
to be taken by the flow media, peel ply and the channels. 30-50% excess is 
usually practical. Prime 20LV was the epoxy infusion system used, with slow 
hardener as described in section 3.4.2.1. Mixing ration is 100:26 resin to 
hardener by weight. Try to use a large diameter mixing bowl to reduce to 
likelihood of an exothermic reaction.  
15. Mix this for at least 2 minutes, ensuring it is thoroughly mixed especially around 
the edges. 
16. Degas for approximately 15 minutes in an airtight vacuum chamber. 
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17. Start oven where panel is. It should be programmed to rise to 20oC at a rate of 
1 oC min-1. It should dwell at this temperature for 510 minutes.  
18. To post cure the specimen, the oven should rise to 90 oC again at a rate of 1 oC 
min-1, and dwell for 4-6 hours. This controlled temperature rise is needed to 
ensure the polymer crosslink’s are not destroyed. 
19. Once this is complete the oven should be left to cool at a natural rate. When 
cooled the part can be de-moulded.  
 
Ideally the temperature would be measured in one of the sandwich skins using a 
thermocouple, thus ensuring that an exothermic reaction is not occurring, but it was 
difficult to get a large enough oven that would allow thermostat control of oven power. 
Test runs have shown that using the oven temperature control is sufficient, with a small 
possibility of exothermic reaction occurring in the resin capture pot. Additionally there 
were problems with incomplete infusion occurring in the glass fibre, especially for the 
upper skin. To counter this it was recommended to slow the infusion process down. 
This involved taking two measures, first of which was to clamp down the inlet from the 
resin pot to reduce the flow rate into the vacuum. Secondly the upper flow media was 
purposely cut away so that it is shorter than the bottom flow media. This resulted in a 
plug forming in the system, and to flow into the outlet the adhesive must fill up 
remainder of the mat, thus forcing full impregnation of the fibre mats. This optimal 
setup is shown in Figure 10.1. 
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Figure 10.1: Optimal RIFT setup. 
Panels were manufactured so that multiple specimens can be harvested from them, 
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typically 4-5 specimens. These were cut using a wet tile cutter with a diamond cutting 
disk, and panel tokens were also collected, which were later used in a microscopic 
analysis to determine the manufacturing quality and consistency.  
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 Appendix C 
Buckling Criterion for Sandwich Material 
Q1 
 
Figure 10.2: Schematic of sandwich material under end compressive loading. 
The schematic in Figure 10.2 shows the scope of the analysis that will performed here. 
A column is placed under end loading Wa. As the ends of the column are clamped, we 
have a fixed-fixed condition, resulting in moments (M1) and shear forces (Q1) at the 
ends. 
 
Figure 10.3: Cut out section of buckling specimen. 
Considering a small cut-out of the column, as in Figure 10.3, it can be seen that at a 
distance x from the centreline we see a deflection v that is made up of v1 (due to 
normal bending displacement) and v2 (due to core shear deformation). This type of 
analysis is adopted from one performed by Allen [159], and then again later on by 
Zenkert [30]. 
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At point x, a bending moment of Mx, was given by equation (10.1), which through 
normal bending relation equated to D1v1”. 
 1 1 2 1 1( ) ( )2x a 1
LM M W v v Q x D v ′′= + + − − = −   (10.1) 
From the figure, the shear force at x was given by equation (10.2). Using the solution 
given by equation (10.3), as derived in [159], equation (10.2) turns into equation (10.4). 
 1 2 1( )x aQ W v v D v′ ′ ′′′= + = −   (10.2) 
 
2 2
2
1 1
2
2
:
(1 )
:
x
f f
skin c
Q a Q a Q
HGwhere a
EI I I
and H bd t
′′ − = −
= −
=
  (10.3) 
   (10.4) 2 21 1 1( )aQ a Q a W v v′′ ′ ′− = − +
Using the following relations the overall deflection can be predicted using equation 
(10.5). 
1
2 12 ;
f
v Q
a EI
′ ′′′= = − 1Q EIv  
 
2
1 0
2
1 1( )
v a a
f
W a Wv a v v
EI EI
′′′ ′− − − =   (10.5) 
The critical buckling deflection is given in equation (10.6) for a fixed-fixed column (i.e. 
the gauge length can be equated to equal half that of a pinned-pinned column [160]). 
Here a1 is geometrical parameter. 
 1 1 sin 2
xv a
L
π=   (10.6) 
Substituting equation (10.6) into equation (10.5), and dividing through by 
( / ) cos( / )L x Lπ π−  left equation (10.7). 
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a⎥⎥   (10.7)  
Ignoring the solution that a1 = 0 and solving for a critical buckling load PCR resulted in 
equation (10.8). Expanding the solution to remove the parameter a left equation (10.9), 
which was used to compare against the experimental data. 
 
4 2 2
4 4
2 2
2
16 4
4CR
f f f
a
L LP
a
E I L E I
π π
π
+
=
+
  (10.8) 
 
4 2
4 2
2
2
16 (1 ) 4
4 (1 )
f
f f f f c
CR
f
f
c
E I E I E H G II
LP IE I I H G
L
π π
π
⋅⋅ ⋅ ⋅ − I
L
⋅ ⋅ ⋅+
=
⋅ ⋅ − + ⋅
   (10.9) 
 237
Appendix D 
Estimation of Shear Stresses in Blade 
A simplistic comparison was made between the shear stresses arising from global 
blade flexure and those arising from the Brazier effect on an isolated cap. To make the 
comparison relevant the shear stresses were evaluated at the site where the cap 
specimens were extracted, a distance xA from the hub, and likewise the cap deflections 
are evaluated at this site. The full blade deflections were evaluated using the results of 
a full box girder test conducted at Risoe-DTU [43]. For this test, the flap-wise deflection 
was applied at three point distances x1, x2 and x3 from the hub, as shown in Figure 
10.4. The cross-section was treated as linear (rather than tapered), and the mechanics 
used to asses the shear stresses were based on simple bending mechanics of a box 
girder, covered in [161].  
 
QA L1 L2 L3 
x3 
x2 
x1 
xA 
z 
x 
y 
Figure 10.4 Schematic for full blade test, including position from where cap specimen was 
taken. 
From equilibrium, the shear force at location xA was given by equation (10.10). The 
values of L1, L2 and L3 were 75 kN, 76 kN and 113 kN respectively just prior to failure 
[43].  
 1 2AQ L L L3= + +  (10.10) 
For simplicity the box girder cross-section has been treated as symmetrically 
rectangular with representative dimensions as given by Figure 10.5. The shear stress 
is evaluated using equation (10.11), which can be equated to an interlaminar shear 
stress, yxτ . 
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A y
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cap yy
Q S
y
t I
τ = ii  (10.11) 
Where: 
− QA is the vertical shear force at location xA. 
− SyA is the first moment of area (a function of y) at location xA. 
− Iyy is the second moment of area at xA. 
− tcapA is the thickness of the cap at location  xA for the analysis of cap shear 
stresses. 
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Figure 10.5: Box girder dimension used for calculation. 
The second moment of area can be calculated using the normal method. The first 
moment of area is calculated at the corner of the cap, along the cap centreline. This 
calculation is shown in equation (10.12), where values are in mm. 
 2 38 262 256AyS Area y= × = × × ×  (10.12) 
Substituting these calculated values into equation (10.11) produced an interlaminar 
shear stress value of 5.59 MPa. 
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To estimate the shear stress in the cap due to the Brazier effect in isolation on a single 
cap, laminate beam bending theory was used, assuming a flat component. The 
assumed bending was presented by Figure 10.6. The Brazier effect induced cap 
deflection at location xA at a load close to that which induced blade failure was 
extracted from the full blade tests [43], and the associated load W with this cap 
deflection was estimated using the three-point bend test results, as given by Figure 6.1. 
Using this load and loading configuration, the apparent shear force was Qcap was 0.9 
kN. 
z 
y 
W tcap
z Sectional view 
jth layer 
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iii
z
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Figure 10.6: Cap geometry used for shear stress estimation. 
The bending moment present in the component would mean that there was a variation 
of longitudinal stresses between points i and ii of the section presented in Figure 10.6. 
This must be balanced by a shear stress. To estimate this shear stress in the kth layer a 
typical approach is to integrate the shear stress k=0 to the kth layer, as shown by 
equation (10.13), as derived in [162]. 
 ( )
1
/ 2
( ) j
j
N zcap
yz k z jz
j kf xx
Q
E zd
E I
τ
−=
= ∑∫ z  (10.13) 
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Where: 
− Qcap is the vertical shear force in the cap (constant value) 
− z is the distance to the outside of a layer 
− Ef is the effective modulus of the cap 
− ( )z jE  is the Young’s modulus of the jth layer at distance z 
− Ixx is the second moment of area, calculated with equation (10.14) 
 
3 30.075 0.033
12 12
cap
xx
t b
I ×= =  (10.14) 
Where: 
− tcap is the thickness of the cap = 34 mm 
− b is the width of the cap specimen = 75 mm 
  
The effective modulus is calculated by weighting the Young’s modulus for each layer to 
the thickness of the layer, as shown with equation (10.15), again derived in [162]. 
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f z j j
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z −
=
= ∑ −  (10.15) 
The composite is formed of alternating layers of biaxial and unidirectional glass fibre 
material, where the biaxial layers are aligned at ±45o to the x direction shown, and the 
UD layers are aligned at 0o to the x direction, as shown in Figure 3.5. The modulus 
values are propriety knowledge, with the copyright owned by SP Technology [120], and 
cannot be reproduced here. However, they were used to estimate the shear stress 
value, and a value for interlaminar shear stress was obtained as 30.86 MPa. 
As this mathematical analysis has assumed regular and linear geometries there is 
likely to be a deviation of actual shear strains. However, this was supposed to be a 
quick comparison of shear strain values in the material arising due to different 
deformation methods rather than rigorous analytical solution. Furthermore the negation 
of component curvature should result in a conservative comparison. 
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